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ABSTRACT
Arabidopsis thaliana has undergone three whole genome duplications within its
ancestry, and these events have dramatically affected its gene complement. Of the most
recent whole genome duplication events (α event), there remain 11,452 conserved
noncoding sequences (CNSs) that have been retained proximal to α duplicate gene pairs.
As functional DNA elements are expected to diverge in sequence at a slower rate than
nonfunctional DNA elements, the retained CNSs likely encode gene regulatory function.
Within this dissertation I provide evidence for the regulatory role of CNSs within
Arabidopsis thaliana. Using a collection of over 5,000 microarray RNA expression
profiling datasets, I demonstrate that the presence of CNSs near α duplicate pairs is
correlated with changes in average expression intensity (AEI), α duplicate pair coexpression, mRNA stability, and breadth of gene expression. The effects of CNSs on
AEI, co-expression, and mRNA stability vary relative to their subgene position, because
they are located in nontranscribed (5’-upstream and 3’-downstream) and transcribed (5’UTR, intronic and 3’-UTR) regions. Modeling gene interactions through the generation
of co-expression networks, I also demonstrate that a portion of CNSs participate in
known gene regulatory networks. Collectively, this body of work demonstrates that CNSs
regulate steady-state mRNA levels within Arabidopsis thailiana through both
transcriptional and post-transcriptional mechanisms.
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CHAPTER ONE

LITERATURE REVIEW ON THE ROLE OF GENE DUPLICATION ON THE
DEVELOPMENT OF GENOMES

1

Introduction
Each organism’s DNA complement is comprised of a mixture of protein coding
regions, which determine the organism’s protein complement, and noncoding regions,
which often contain the regulatory elements responsible that control expression of coding
regions. DNA frequently mutates, moves, and copies itself over time, producing a
complex set of mechanisms of organismal evolution. The copying or duplication of
genetic material is one of the most common of these mechanisms (Nei 1969; Ohno 1970).
Duplication events can occur on a variety of scales from the level of a single gene (e.g.,
retro-transposition) to the entire genome. This literature review will focus on the impact
of whole genome duplications and their role in the development of modern organisms.

Prevalence of Whole Genome Duplications
Whole genome duplication (WGD) events, although rare, have contributed to the
development of many species across lineages. Several prominent lineages have had at
least one WGD within their ancestry, including yeast (Wolfe and Shields 1997),
vertebrates (Kasahara 2007), Paramecium (Aury, Jaillon et al. 2006), rice (Yu, Wang et
al. 2005) and Arabidopsis (Bowers, Chapman et al. 2003; Maere, De Bodt et al. 2005;
Jiao, Wickett et al. 2011)(Figure 1.1). Plants have been particularly influenced by WGD:
nearly 35% of angiosperms are polyploid and nearly all angiosperms have had at least
one WGD within their ancestry (Wood, Takebayashi et al. 2009; Jiao, Wickett et al.
2011).
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The most likely outcome of a WGD is thought to be extinction (Wagner 1970),
but rare instances in which the results of a WGD event are viable provide an additional
genetic complement as material for adaptation (Van de Peer, Maere et al. 2009). The
duplication of an entire genome could increase a species potential evolutionary options or
“morphospace” (Van de Peer, Maere et al. 2009) and permit mutations that might
otherwise be deleterious or lethal. Consistent with the hypothesis that WGD events
provide an adaptive advantage, many WGD events appear to coincide with large bursts of
special diversity (e.g., pre-Cambrian explosion) or large-scale extinction events (e.g., K-T
extinction) (Otto and Whitton 2000; Fawcett, Maere et al. 2009).
The reasons for coincidence of WGD with extinction events is unknown, although
extant polyploids are often more resistant to environmental stresses than their diploid
counterparts (Levin 1983; Stebbins 1985; Otto and Whitton 2000; Comai 2005). This
phenomenon suggests that WGD may provide a selective advantage in harsh
environments (Johnson and Packer 1965; Beaton and Hebert 1988; Soltis and Soltis
1999; Jackson 2003; Brochmann, A. K et al. 2004). However, it remains unclear whether
increased resistance to environmental stresses is a side effect of WGD, since plants in
harsher climates or high altitudes also tend to exhibit traits such as self-compatibility and
asexual reproduction, which increase the likelihood for polyploidy events (Mable 2004).
Many of the noted differences in environmental resistance may also stem from research
bias towards temperate species (Mable 2004; Martin and Husband 2009); indeed, no
significant differences have been observed in viability across many North American
angiosperms (Martin and Husband 2009).
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WGD events are typically grouped into two categories based on their parental
origin. Allo-polyploids result from a merger of two distinct non-reduced genomes, and
auto-polyploids result from a doubling of the original genome (Figure 1.2). Examples of
allo-polyploids include Arabidopsis suecia (Mummenhoff and Hurka 1995; Säll,
Jakobsson et al. 2003; Jakobsson, Hagenblad et al. 2006), cotton (Wendel 1989; Wendel,
Schnabel et al. 1995), and Tragopogon miscellus (Ownbey 1950; Soltis, Soltis et al.
2004). Auto-polyploids originate from either gametic non-reduction or somatic doubling
(Ramsey and Schemske 1998); gametic non-reduction is more common (Ramsey and
Schemske 1998). Examples of auto-polyploids include Galax aphylla, Biscutella
laevigata, and Zea perennis (Stebbins 1950). Numerous species, however, are known to
undergo cell-specific amplifications of chromosome complement in a process known as
endopolyploidy. Some known examples of endopolyploidy include an increase up to 32C
in Arabidopsis trichomes (Kondorosi, Roudier et al. 2000; Breuer, Kawamura et al. 2009)
and tetraploid cells within the human liver (Kudryavtsev, Kudryavtseva et al. 1993;
Seglen 1997).
Interestingly, WGD frequency may be determined by the presence of sex
chromosomes (Mable 2004; Chen and Ni 2006; Paterson, Chapman et al. 2006; Edger
and Pires 2009). The distribution of WGD events across lineages indicates that species
that have developed a sex chromosome system may be prevented from undergoing
further WGD events. Sex chromosomes would restrict the ability to undergo a WGD
event, as they are particularly sensitive to dosage effects (Goto and Monk 1998; Otto and
Whitton 2000; Chen and Ni 2006). Consistent with this hypothesis, WGD events have
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occurred in several amphibian and fish species, which lack sex chromosomes (Edger and
Pires 2009). In contrast, papaya has not undergone WGD since the event shared by
dicots, but has developed a primitive sex chromosome system (Ming, Hou et al. 2008).
However, this “rule” of WGD may also be skewed by researcher focus (Mable 2004)
since there is evidence to suggest polyploidy is possible within the animal kingdom
(Gallardo, Kausel et al. 2004).
Following WGD events, some species maintain their polyploid gene complement.
However, many species will instead undergo a process of fractionation, in which the
genomic load is reduced back to a pre-duplication (often diploid) state (Song, Lu et al.
1995; Langham, Walsh et al. 2004; Bennetzen, Ma et al. 2005; Chen and Ni 2006). The
process of fractionation occurs primarily through a combination of chromosome breakage
and gene conversion (Freeling 2009) and often alters the genome composition and
architecture (Wolfe 2001; Lockton and Gaut 2005). The factors that determine polyploid
retention vs. fractionation are unknown, but certain characteristics of WGD may affect
the outcome. Polyploidy often results in increased genomic instability (Storchova and
Pellman 2004; Storchova, Breneman et al. 2006), accompanied by large-scale alterations
in gene silencing (Comai, Tyagi et al. 2000; Ramsey and Schemske 2002; Comai 2005)
that may select for accelerated genome fractionation. Similarly, the increase in genome
complement from WGD also increases cell size, often at the expense of greater metabolic
demands (Edgar and Orr-Weaver 2001; Comai 2005). This change in energy
requirements may provide additional selective pressure for the reduction of genomic
complement. The retention of a polyploid complement may also depend on the origin of
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the parent genomes. Allopolyploids could be preferentially maintained since each
parental chromosome would be “locked” into bivalent homologous pairs, forcing the
species to retain heterozygosity (Comai 2005). Heterozygosity is often advantageous
since many tetraploids display greater effects of heterosis (hybrid vigor) than their diploid
relatives (Comai 2005). Most likely the selection for retention vs. fractionation is a
combination of many of the factors described above and is an interesting area for future
study.

Mechanisms for Loss and Retention of Duplicated Genes
Although the most common fate of a duplicated gene is either gene loss or
pseudogenization, a small proportion are retained in duplicate form (Ohno 1970; Force,
Lynch et al. 1999). Notably, some genes in Arabidopsis appear to be preferentially
returned to a non-duplicated or singleton status, while other genes are preferentially
maintained in duplicate pairs (Chapman, Bowers et al. 2006; Paterson, Chapman et al.
2006). Differences in functional annotation between whole genome duplicates from the
two most recent WGD events in Arabidopsis suggest that environmental pressures
surrounding the duplication event may play a role in retention (Bekaert, Edger et al.
2011; Coate, Schlueter et al. 2011). Gene retention may also depend on the mechanism of
gene duplication; notable differences exist in functional annotation between whole
genome duplicates and small-scale gene duplicates (Cannon, Mitra et al. 2004; Casneuf,
De Bodt et al. 2006; Hakes, Pinney et al. 2007; Freeling 2009). For example, there is a
bias in duplicated transcription factors within Arabidopsis between whole genome
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duplicates and tandem duplicates (Figure 1.3). Functional enrichment within retained
whole genome duplicates is remarkably similar between species such as yeast and
Arabidopsis, suggesting a common mechanism (Seoighe and Wolfe 1999; Blanc and
Wolfe 2004). However, the pattern is not consistent within Paramecium, or Compositae,
suggesting that whole genome duplicate retention may be lineage-specific (Aury, Jaillon
et al. 2006; Barker, Kane et al. 2008).
Several hypotheses have been proposed to explain the retention of duplicated
genes across species. The classic model from Lewis and Ohno hypothesizes that positive
selection acts slowly on duplicated genes to gain new function (neo-functionalization) or
divide function between duplicated genes (sub-functionalization), and that duplication
allows for mutations in a gene copy that may otherwise be deleterious for an essential
gene (Lewis 1951; Ohno 1970). Examination of mutation rates across several species,
however, has found that a duplicated gene is only lost roughly every one million
generations, making the model too slow to account for observed differences in total gene
count between species (Force, Lynch et al. 1999).
The divergence-degeneration-complementation (DDC) model expands on the
original Ohno model of neo- and sub-functionalization, and considers the collection of
surrounding regulatory sequence elements in its definition of gene function. The DDC
model hypothesizes that divergence of function includes both changes in protein function
and changes in gene expression (Lynch and Force 2000). Additionally, this model
proposes that the divergence of duplicated genes drives selection for subfunctionalization within a duplicate gene pair. This selection results from the requirement
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of the composite ancestral function for survival, and the loss of a function in one
duplicate copy necessitates its retention in the other (Force, Lynch et al. 1999).
Many of the retained duplicate gene pairs from a WGD event are enriched for
biologically important functions; these encode, for example, kinases, transcription
factors, and ribosomal proteins (Blanc and Wolfe 2004; Seoighe and Gehring 2004;
Maere, De Bodt et al. 2005). Additionally, duplicated genes across rice, Arabidopsis,
Saccharomyces, and Tetraodon have a lower frequency of non-synonymous mutations,
increased size of coding regions, and more functional protein domains (Pfam), on
average, than their singleton counterparts (Paterson, Chapman et al. 2006). Therefore,
some scientists have proposed that organisms may preferentially retain more essential
genes to protect or “buffer” against potentially deleterious mutations (Chapman, Bowers
et al. 2006).
An alternative hypothesis for the pattern of enrichment in retained duplicate genes
is the gene dosage hypothesis. This hypothesis suggests that enrichment of certain genes
(e.g., kinases, transcription factors, and ribosomal proteins) following a WGD event
occurs because such genes often function in multi-unit complexes that would be sensitive
to stoichiometric changes in gene dosage. Thus, these genes are retained as a by-product
of purifying selection; fractionation of one copy would result in reduced fitness (Figure
1.4) (Birchler, Bhadra et al. 2001; Papp, Pal et al. 2003; Freeling and Thomas 2006;
Birchler and Veitia 2007). Notably, total gene expression level and relative gene dosage
are important for gene retention in Paramecium, and many retained duplicate pairs within
Paramecium are involved in multi-unit complexes (Arnaiz, Gout et al. 2010). In the case
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of species that experience multiple WGD events, the resistance to fractionation may
provide the force to increase species complexity (Freeling and Thomas 2006; Freeling
2009). This drive towards increasing complexity appears plausible, since many whole
genome duplicates that are retained within plants are more likely to be retained after
another WGD event (Seoighe and Gehring 2004; Chapman, Bowers et al. 2006;
Schnable, Wang et al. 2012).

Duplication of Noncoding Regions and Conserved Noncoding Sequences
While selective pressures that determine the retention of duplicated genes may be
dependent on the function of the coding sequence, there may be some influence from
surrounding cis-regulatory elements in noncoding regions. Some researchers have
suggested that many of the differences between species result primarily from changes in
the regulation of gene expression rather than differences in genetic complement (Edger
and Pires 2009; Flagel and Wendel 2009). Indeed, whole genome duplicates may be more
likely to be maintained than single gene duplicates because surrounding regulatory DNA
regions are copied in addition to the coding sequence (Schnable, Pedersen et al. 2011;
Wang, Wang et al. 2011).
Recent analysis of duplications in plant genomes, specifically Arabidopsis, may
offer some of the first insights of the effects of whole genome duplication at the DNA
sequence level. Conserved noncoding sequences (CNSs) were first discovered in
comparisons of early mouse and human genes (Hardison, Oeltjen et al. 1997). Many
regions 5’ or 3’ of homologous genes are conserved at ~70% identity and can extend for
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hundreds of bases (Hardison, Oeltjen et al. 1997; Loots, Locksley et al. 2000). Although
not completely understood, several of these conserved regions regulate gene expression
(Loots, Locksley et al. 2000; Gottgens, Gilbert et al. 2001). However, initial searches for
CNSs within in plants using the criterion of ~70% identity over distances greater than
100 bp suggested that these regions of high homology did not exist (Freeling and
Subramaniam 2009). Interestingly, further examination revealed that CNSs are present in
plants, but with different patterns (Kaplinsky, Braun et al. 2002; Inada, Bashir et al.
2003). One group identified CNSs within maize and rice by looking for CNSs of ≥ 15 bp
and a BLAST e-value of at least a 15/15 bp exact match (Kaplinsky, Braun et al. 2002;
Inada, Bashir et al. 2003). Because the ability to detect CNSs correlates with the
divergence time between species, some researchers have defined a period of “useful
divergence” in which DNA sequence differences can be detected before becoming
saturated over time. The approximate window for “useful divergence” is 100 million
years (MY)(Lyons and Freeling 2008; Reineke, Bornberg-Bauer et al. 2011).
Arabidopsis thaliana, one of the most refined plant genomes available, has
undergone three WGD events and fractionated back to a diploid state each time (Bowers,
Chapman et al. 2003; Maere, De Bodt et al. 2005; Jiao, Wickett et al. 2011). Although the
prevalence of WGD events in plants has complicated comparative genomics, Thomas and
colleagues looked for CNSs nested within the most recent duplication in Arabidopsis (α
event) (Thomas, Rapaka et al. 2007). Using the criteria for CNSs established within
maize and rice, Thomas et al. identified 14,944 CNSs within the Arabidopsis α
duplication (Thomas, Rapaka et al. 2007). The frequency of CNSs within the Arabidopsis
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genome suggests that many CNS may have occurred due to gene conversion events,
however CNSs are not recombination hotspots (Drake, Bird et al. 2006; Kim and
Pritchard 2007). Moreover, these plant CNSs do not exhibit significant differences in AT
composition compared to intergenic space (65% vs 67%), but do have a bias in
positioning relative to their assigned genes (Thomas, Rapaka et al. 2007).
CNSs were found in the 5’ upstream, 5’-UTR regions 2.3 times more than in 3’downstream or 3’-UTR regions (Thomas, Rapaka et al. 2007). Notably, when screened
against the Arabidopsis thaliana small RNA project database, only ~1.5% of CNSs found
hits when 0-2 mismatches were allowed, and these hits showed positional preference
towards the 3’ regions (Thomas, Rapaka et al. 2007). Additionally, CNSs do not encode
for small plant peptides (cyclotides) (Freeling, Woodhouse et al. 2012). Many of the
Arabidopsis CNSs contain known transcription factor binding sites (Freeling, Rapaka et
al. 2007), implicating CNSs as cis-acting DNA sequence elements.
The high sequence identity of paired CNSs implies that they serve a functional
role, yet they demonstrate only partial overlap with any known regulatory mechanisms
(e.g., miRNAs, transcription factor binding sites). The Arabidopsis CNS dataset offers an
excellent opportunity to examine the role that cis DNA elements might play in the
regulation of retained WGD pairs. The goal of my Dissertation work was to investigate
the hypothesis that CNSs regulate steady-state mRNA levels within Arabidopsis
thailiana. To test this hypothesis I performed a set of experiments using over 5,000
publicly available microarray RNA expression profiling datasets. This rich expression
profiling resource allowed for the exploration of the control of gene regulation by CNSs.
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The experiments used to test this hypothesis are described in detail in the chapters
to follow. In Chapter 2, I looked for patterns between CNS frequency and co-expression
of α duplicates pairs and CNS frequency and average expression intensity across nine
tissue-enriched datasets. This work is published in New Phytologist. In Chapter 3, I
model co-expression relationships in Arabidopsis through the generation of co-expression
networks and use our co-expression models to look for overlap with known gene
regulatory networks. In addition, I screen the Arabidopsis genome the presence of CNS
elements outside α duplicate pairs (i.e. CNS’ elements) and this work is published in
PLoS ONE. In Chapter 4, I examined the effects of CNS elements on rates of mRNA
decay and this work is currently under review (Mol Bio Evol). Chapter 5 summarizes the
body of work and points to opportunities for further research.
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Figure 1.1: Summary of whole genome duplications across lineages. A trimmed
phylogeny highlighting some of the most well-known whole genome duplication events
across eukaryotes (a) and angiosperms (b). The smaller, empty circles represent
suspected whole genome duplication events, while the partially-filled circles represent
events with substantial evidence often derived from genome sequence. Image reproduced
with permission from (Edger and Pires 2009).
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Figure 1.2: Mechanisms of origin for whole genome duplications. Whole genome
duplications originate from either allotetraploidy (the non-reduced merger of two distinct
genomes; AABB) or autotetraploidy (the duplication of the original genome; AAAA).
Image reproduced with permission from (Comai 2005).
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Figure 1.3: Transcription Factors are more likely to be maintained following whole
genome duplication. A reciprocal relationship exists between the retention of
transcription factors after the most recent whole genome duplication in Arabidopsis (α
event) versus tandem duplication. This suggests that the mechanism of gene duplication
partially controls the likelihood of fractionation vs. retention within a duplicate gene pair.
Image reproduced with permission from (Freeling 2009).
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Figure 1.4: Model of the balanced gene dosage hypothesis. Multi-unit complexes, such
as ribosomes, are comprised of a precise balance of the contributing sub-units (a).
Following whole genome duplication, the genome often fractionates and some copies of
the contributing sub-units may be lost. The loss of duplicated sub-units would disrupt
stoichiometry and result in the formation of non-productive subcomplexes (b). The
production of these non-productive subcomplexes would disrupt the required
stoichiometric balance and reduce overall organismal fitness. Image reproduced with
permission from (Birchler and Veitia 2010).
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Summary
 Whole genome duplication (WGD) events provide a lineage with a large reservoir of
genes that can be molded by evolutionary forces into phenotypes that fit alternative
environments. A well-studied WGD, the α event, occurred in an ancestor of the model
plant Arabidopsis thaliana. Retained segments of the α event have been defined in recent
years in the form of duplicate protein coding sequences (α-pairs) and associated
conserved noncoding DNA sequences (CNSs). Our aim was to identify any association
between CNSs and α pair co-functionality at the gene expression level.
 We tested for correlation between CNS counts and α pair co-expression and expression
intensity across nine expression datasets: aerial tissue, flowers, leaves, roots, rosettes,
seedlings, seeds, shoots, and whole plants.
 We provide evidence for a putative regulatory role of the CNSs. The association of
CNSs with α-pair co-expression and expression intensity varied by gene function, subgene position, and the presence of transcription factor binding motifs. A range of possible
CNSs regulatory mechanisms including intron-mediated enhancement, messenger RNA
fold stability, and transcriptional regulation are discussed.
 This study provides a framework for understanding how CNS motifs are involved in the
maintenance of gene expression after a WGD event.
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Introduction
Ancestral duplication of chromosomes occurs on a small (e.g. tandem or transposition) or
large (e.g. polyploidy) scale and provides a lineage with new genetic resources to modify
biological processes (Ohno 1970). An extreme form of gene duplication is the whole
genome duplication (WGD) event. The remnants of multiple WGDs have been observed
in most plant lineages (reviewed in (Sémon and Wolfe 2007; Van de Peer, Maere et al.
2009; Paterson, Freeling et al. 2010)). While it is impossible to determine the precise
effects of WGD on fitness or the plasticity of fitness in these ancestors of modern plants,
it is clear that these lineages survived and possibly drew upon the expanded gene pool to
provide adaptive advantages through sub-functionalization and neo-functionalization
mechanisms (Walsh 1995; Lynch and Force 2000; Lynch, O'Hely et al. 2001; Sémon and
Wolfe 2007; Freeling 2009). A deeper understanding of the evolutionary forces that
sculpt the enhanced post-WGD gene pool has implications to the evolution of genome
size as well as understanding agriculturally relevant genome interactions in modern,
heterotic polyploids and hybrids.
In the case of the model plant Arabidopsis thaliana, evidence suggests the
Arabidopsis lineage has survived three WGD events (α, β, γ, the latter being a
paleohexaploidy event) and consistently returned to a diploid state (Blanc, Hokamp et al.
2003; Bowers, Chapman et al. 2003; Maere, De Bodt et al. 2005). Following each WGD
event, some gene pairs tend be preferentially retained (loss resistant) while the remaining
gene complement is reduced to a pre-duplicated state (diploidization aka fractionation;
(Freeling 2009)). The mechanism for partial retention of the polyploidy state in some
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species versus the process of fractionation is unclear, but clues may lie in synthetic
polyploidy events. Several studies have examined the expression changes in the
Brassicaceae family following recent polyploidy and implicated epigenetic control as a
means of differential gene silencing (Wang, Tian et al. 2006; Xu, Zhong et al. 2009; Yu,
Haberer et al. 2010). Another system of interest is from the Asteraceae family.
Expression changes in recent Tragopogon miscellus polyploids provide a model system
for the examination of rapid and short-term duplicate gene fates (Tate, Ni et al. 2006;
Buggs, Doust et al. 2009). It is possible that these studies of recent WGD events will lead
to sub-/neo- functionalization hypotheses that can be applied to paleopolyploidy events.
By whatever retention mechanism, it is clear that many Arabidopsis genes have
“resisted” deletion since the most recent α duplication event. Specific α-duplicate gene
pairs are well defined (Bowers, Chapman et al. 2003; Thomas, Pedersen et al. 2006). The
question thus becomes: Why are these gene sequences conserved and what biological
functions are encoded in these DNA patterns? For example, Paterson et al (2006) have
shown there is a pattern of functional conservation at the protein domain level after WGD
within and across multiple eukaryotic lineages (Paterson, Chapman et al. 2006). In that
study, four protein domains found in plant gene products (e.g. “protein kinase”) tended to
be maintained after WGD while twenty-three domains (e.g. “glycine-rich”) tended to be
repeatedly lost. In an A. thaliana focused α-WGD analysis, it was shown that there was a
nonrandom preference for retention of Gene Ontology (GO) terms (e.g. “cysteine
metabolic process” (BP=biological process); “oxygen evolving complex” (CC=cellular
component), “casein kinase activity” (MF=molecular function)) or loss (e.g. “apoptosis
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(BP)”, “mitochondrion (CC)”, “ oxygen binding activity (MF)”) (Blanc and Wolfe 2004).
Chapman and coworkers provided evidence that amino acid changes tend to be more
severe in genes that were diploidized relative to unfractionated pairs following WGD in
both Arabidopsis and Oryza lineages (Chapman, Bowers et al. 2006). This suggests that
there are evolutionary forces potentially shifting post-WGD gene function at the proteinencoding sequence level.
Sequence alignments of the regions surrounding retained duplicated genes from
the α paleopolyploidy event have revealed conserved noncoding sequence (CNS)
patterns. These are genomic DNA motifs (15-255 bp) in close proximity to α-duplicate
genes that have resisted fractionation (Thomas, Rapaka et al. 2007; Freeling and
Subramaniam 2009) and are similar to those previously identified in maize and rice
(Kaplinsky, Braun et al. 2002; Inada, Bashir et al. 2003). The size and similarity of these
CNS signatures implies a functional role, but this role does not appear related to small
RNAs or transposable elements (Freeling, Rapaka et al. 2007). Markedly, those genes
that were most enriched for CNSs were most often associated with transcription factor
activity and they are enriched in particular known DNA-protein binding motifs
(especially G-boxes; (Freeling, Rapaka et al. 2007)). While conserved, the functional role
of these CNS patterns is unclear. It seems likely that many CNSs play cis-regulatory roles
shared by α-duplicate pairs, as reviewed (Freeling and Subramaniam 2009). For that
reason, we used the presence of one or more known, significantly CNS-enriched DNA
binding motifs within an Arabidopsis CNS as a validating metric.
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Utilizing publicly available gene expression datasets, our study was aimed at
examining gene expression patterns between retained A. thaliana α-duplicate pairs in the
context of CNS signatures. Our working hypothesis was that CNSs common to an αduplicate pair would be involved in the concomitant control of gene expression for both
genes even though the genes may now exist on different chromosomes. Our strategy was
to determine if CNS frequencies would correlate with pairwise α-duplicate co-expression
or a co-increase in expression intensity, with the logic being that more CNS signatures
would have a higher probability of containing cis regulatory patterns conferring common
control mechanisms.

Materials and Methods
Microarray dataset collection, tissue categorization, and preprocessing
Microarray CEL files were obtained from NCBI’s Gene Expression Omnibus (GEO;
http://www.ncbi.nlm.nih.gov/geo; (Edgar, Domrachev et al. 2002)) for the Affymetrix
Arabidopsis ATH1 Genome Array (GPL198). At the time of collection (12-15-2009),
5,009 individual microarray experiments were downloaded. Each GEO experiment
description was manually categorized into specific transcriptome categories using plant
ontology (PO) terms defined by the Plant Ontology Consortium
(http://www.plantontology.org). The entire annotated microarray set was then RMA
normalized using RMAexpress (http://rmaexpress.bmbolstad.com/; (Bolstad, Irizarry et
al. 2003)) and screened for outliers with arrayQualitymetrics
(http://www.bioconductor.org/help/bioc-views/devel/bioc/html/arrayQualityMetrics.html
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;(Kauffmann, Gentleman et al. 2009)) as implemented in R (http://www.r-project.org). A
microarray dataset was considered an outlier if it failed at least one of the three default
tests. The entire collection of microarray datasets was iterated through outlier detection
five times before no datasets were flagged as outliers (Appendix A). After outlier
removal, the number of filtered arrays with normalized transcriptome expression
intensities and common PO coding used for downstream analysis were (array count in
parentheses): aerial (231), flower (146), leaves (877), root (640), rosette (268), seedlings
(675), seeds (108), shoot (305), and whole plant (771).

α-Duplicate pair functional categorization
Probe sets were assigned to Arabidopsis genes using AFFY-TAIR8 mappings
(affy_ATH1_array_elements-2009-7-29.txt;
ftp://ftp.arabidopsis.org/home/tair/Microarrays/Affymetrix) highlighting ATH1 probe
sets mapped to TAIR8 genes with α-duplicate pair genes as defined by Thomas et al
(Thomas, Pedersen et al. 2006) (Appendix Tables D.1-D.2). Any probe set at high risk of
cross-hybridization (*_x_at; *s_at) was excluded. The number of α-duplicate genes
measured on the ATH1 array was 5,550. Next, α-duplicate pairs were grouped based
upon common predicted molecular function or cellular component GO terms
(http://www.arabidopsis.org/tools/bulk/go; gene counts in parentheses; (Ashburner, Ball
et al. 2000)): All pairs (5216), transcription factors (GO:0006351; 540), kinases
(GO:0016301; 298), plasma membrane (GO:0005886; 588), chloroplast (GO:0009507;
478) (Appendix Table D.3). Environmental response genes were collected from the
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published list of differentially expressed (DE) genes induced by varied hormone response
(Goda, Sasaki et al. 2008) and UV stress (Kilian, Whitehead et al. 2007). In total, 465 DE
α-duplicates were present in the “high-stringency” hormone-responsive list and 146 DE
α-duplicates were present in the UV stress list. An α-duplicate was associated with its
partner even if it was not present in the DE list, yielding 191 hormone- and 118 UV
stress- responsive α-duplicates pairs. CNSs were screened for known transcription factor
binding site motifs (TFM; detailed methods below) and α-duplicate were coded as
follows: CNS positive α-duplicates (2,810), CNS positive and TFM positive α-duplicates
(2,210), and CNS positive and TFM negative α-duplicates (600). For a CNS to be TFM+,
it contained at least one motif that was determined to be significantly enriched (p < 0.05).

α-Duplicate pair presence/absence of expression
Individual expression calls were made for all probe sets in each transcriptome dataset
using the MAS 5.0 algorithm (default parameters) as implemented in the R Bioconductor
affy package ((Gentleman, Carey et al. 2004); www.bioconductor.org). Individual probe
sets were called Present (P) if their p-value was <= 0.04, Marginal (M) if 0.04 > p < 0.06,
or Absent (A) if the p-value was ≥ 0.06. For each PO-defined dataset, the number of P
calls for each α-duplicate (A1/A2) was determined across all arrays, and log10 (PA1/PA2)
P count ratios were determined. If the ratio was within two standard deviations (SD) from
the mean of the normal distribution, both members of the α-duplicate pair were deemed
present in the PO defined group. Alternatively, if the log10 (PA1/PA2) was outside of two
SDs, then only one half of the pair was considered present. If both members of a pair had
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no P calls in an organ set, then the pair was considered absent for that dataset. Heat maps
of all ATH1 probe sets (Appendix B) and only α duplicates present in each of the nine
PO-defined datasets (Appendix C) were generated using the heatmap function in
R/Bioconductor.

α-Duplicate pair CNS counts
CNS counts per gene originally published for TAIR5 (Thomas et al., 2007) were updated
to TAIR8 for this investigation. Any ambiguous CNS-gene assignments were manually
examined using the GEvo application in the CoGe suit of genomics tools
(http://synteny.cnr.berkeley.edu/CoGe/) using the same rules applied in the original
study. These genes were checked as to whether they were α-duplicate pairs as per the
annotations of (Thomas, Pedersen et al. 2006) and are listed in Appendix Table D.1. CNS
counts per gene can be found in Appendix Table D.4.

Detection of TFMs enriched within At–At CNSs
The enrichment of DNA sequence TFMs within A. thaliana homeologous CNSs was
calculated. Motifs used for this analysis came primarily from AtcisDB
(http://arabidopsis.med.ohio-state.edu/AtcisDB/), whereas others were obtained through
an extensive literature search for experimentally confirmed A. thaliana transcription
factor binding sites. The citations for all motifs are available at
http://genomevolution.org/CoGe/MotifView.pl. Using regular expressions coded in Perl,
each CNS was analyzed for the presence of every motif. For each motif, it was assumed
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that both complement and reverse complement constituted a functional orientation.
Noncoding nonconserved and nonrepetitive (any 100-bp fragment that hit the genome 50
times or more was masked; E ≤ 0.001) nucleotide sequences from the gene space of each
CNS-containing gene were pooled and used as the control for the CNSs in that region of
gene space. The gene space was defined as the extended space including and around
genic regions, encompassing coding as well as intergenic noncoding regions bounded by
the farthest upstream and downstream CNSs associated with a gene. Depending on the
position of the CNS relative to the gene coding sequence, the control sequences were
separated into three positional groups: 5’, 3’ or intronic. The χ2 significance of the
detection of each motif within the CNS per region was calculated by comparing the
expected motif count based on the incidence frequency of the motif in the control
sequence vs the observed motif count within the CNS per region. Independent χ2 values
were determined for each motif and for each position relative to the gene with a
significance cut-off of 0.05 (95% confidence). All motifs enriched within CNSs relative
to control sequences with a maximum P value significance of 0.05 were classified as
significantly enriched. The ratio of the motif frequency within the CNS to within the
control sequence was used as the enrichment measure. Using these methods, we found
195 motifs to be significantly ‘enriched’ in Arabidopsis CNSs in the 5’-region, and
similar groups of motifs in intronic and 3’-regions (Appendix Table D.5).
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α-Duplicate pair expression analysis in CNS context
α-Duplicate pairs were associated with several parameters on an expression datasetspecific basis. For each pair, pairwise co-expression was calculated as determined by
Pearson correlation coefficient. Next, the average pairwise expression intensity (log2(I))
of a combined duplicate pair was calculated across a given PO-defined dataset. Lastly,
the combined CNS counts for each α-duplicate pair were assigned across the full gene or
sub-gene regions (5’-upstream, 5’-UTR, intron, 3’-UTR, 3’-downstream). The metrics
were correlated using the standard cor function in R, using default parameters and
Spearman’s rho rank correlation for each PO-defined microarray dataset. The
significance of a correlation was determined by permutation analysis in which randomly
selected α-duplicate probe sets (not necessarily pairs) were subjected to an identical
analysis over 10,000 permutations. Any correlation was considered significant when p <
0.01. All correlation coefficients and associated p-values can be found in the Appendix
Tables D.6 and D.7.

5’-UTR folding energy calculations and noncoding RNA pattern searches
Arabidopsis 5’-UTR, Intron and 3’-UTR sequences were downloaded from TAIR
(http://www.arabidopsis.org/; release TAIR8_5_utr_20080228,
TAIR8_intron_20080228, TAIR8_intron_20080228). These files contained annotations
of 24,267 5’-UTRs (18,962 genes), 154,240 introns (22,167 genes), 25,273 3’-UTRs
(19,889 genes) with an average length of 148.9 bp, 164.8 bp, and 238.2 bp, respectively.
Free folding energies (∆G) were calculated using the RNAfold program in the Vienna
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RNA package (http://www.tbi.univie.ac.at/~ivo/RNA/; (Hofacker, Fontana et al. 1994))
using default parameters. Each of the gene lists were separated into α-duplicates and non
α-duplicates to compare differences in mean free folding energy and 5’-UTR length
between groups using the Student’s T-Test. The gene lists were further separated into
categories as follows: α-duplicates with no CNSs, α-duplicates with 5’-upstream CNSs,
α-duplicates with 5’-UTR CNSs, α-duplicates with intronic CNSs, α-duplicates with 3’UTR CNSs and α-duplicates with 3’-downstream CNSs. Control sequences for
microRNA and transfer RNA were downloaded from version 16 of the miRNA database
and the Genomic tRNA database (http://www.mirbase.org;
http://gtrnadb.ucsc.edu/Athal). RNAfold was used to calculate the free folding energies
of 243 miRNAs and 639 tRNAs. In order to associate free folding energies with
expression intensity, it was necessary to remove any genes in which 5'-UTR sequences
had multiple ∆G values. The remaining 16,379 genes were associated with available
probe sets on the ATH1 platform (*x_at and *s_at probe sets were removed) reducing the
total count to 13,768 genes with an average 5'UTR-length of 126.9 bp. The Pearson
correlation values between expression intensity and 5'-UTR ∆G were calculated using R
and we found no significant correlations (data not shown). The Rfam 10.0 database and
scanning software (rfam_scan-1.0.2.pl; (Gardner, Daub et al. 2009);
ftp://ftp.sanger.ac.uk/)) was downloaded and used to search the TAIR8_5_utr_20080228
database for specific noncoding RNA patterns. Both BLAST and full covariance model
searches (--global) methods were used.
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α-Duplicate average expression intensity differences.
All α-duplicate pairs both considered present in each of the nine PO-defined datasets
were separated into categories based on exclusive CNS position (e.g. only 5’ upstream, 3’
downstream, etc.). The mean and standard error of the pairwise alpha average expression
intensity for each CNS positional category was calculated for each of the nine POdefined datasets. A Student’s T-test was performed comparing each of the categories to α
duplicates with no CNSs, and categories that were found to be statistically similar at the
level of p >0.01 were identified.

Intron mediated expression (IME) calculations.
Imeter v1.0 (http://korflab.ucdavis.edu/Software/imeter-2008-08-11.tar.gz) was used to
calculate the Imeter score for all TAIR8 intron sequences (TAIR8_intron_20080228) and
the A. thaliana training set was obtained from the software website (imeter-2008-08-11).
The Imeter score for first intron for the first gene variant was determined and used in the
group-wise analyses.

Results
Plant Ontology Defined Microarray Expression Set Framework.
Our A. thaliana gene expression analysis framework was constructed from 5,009
Affymetrix ATH1 arrays downloaded from the NCBI GEO database. These arrays were
RMA-normalized, probe sets flagged for presence or absence of expression, and arrays
that demonstrated outlier expression intensity distributions were removed (Appendix A).
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Outliers included micro-dissected tissue, flow cytometry sorted, and pollen samples. For
each microarray dataset, the GEO experiment description was manually examined and
the dataset was assigned one or more Plant Ontology terms (PO) in order to sort the
arrays into similar transcriptome profiles. We were able to then dissect the master
expression matrix into nine PO-defined “organ/organ system” expression datasets: aerial
tissue, flower, leaves, root, rosette, seedlings, seeds, shoot, and whole plant. We chose to
focus our studies on similar expression profiles derived from common tissue
transcriptome mixes as opposed to specific “treatments” or genetic backgrounds.
However, as duplicated genes have been linked to adaptation to environmental stimuli
(Hanada, Zou et al. 2008), differentially expressed α-duplicate gene lists from specific
UV-stress and hormone-treated datasets were identified to examine environmentally
responsive (i.e. outside of the organ/organ system) α-duplicate expression patterns.
ATH1 platform probe sets were then associated with TAIR8 transcript models
and the probe sets underlying CNS-coded 3,166 α-duplicate pairs were identified (6,332
genes; Appendix Tables D.1-D.2). All α-duplicate pairs were grouped based upon
putative function including Gene Ontology (GO) including annotations for transcription
factors, plasma membrane, kinases, and chloroplast (Appendix Table D.3). α-Duplicate
pairs were also annotated for α-CNS count and CNS position within the gene model
structure (Appendix Table D.4). Using these coded framework expression data, we were
able to examine the expression patterns of all or functionally-sorted α-duplicate pairs
across nine PO-defined transcriptome groups. On average, PO-defined expression set
expresses both α-duplicate pairs 84% of the time indicating a tendency toward
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unrestricted expression across multiple tissues. Interestingly, the α-duplicate expression
patterns appear to be sufficient to cluster similar tissue types (Appendix C).

Correlating CNS richness and Position with α-Duplicate Pair Co-Expression.
In order to determine if there was an association between α-duplicate pair co-expression
and CNS signatures, we first determined the Pearson correlation coefficient for each αduplicate pair normalized expression vector in each of the nine PO-defined expression
datasets. We used this value as our measure of α-duplicate pair pairwise co-expression
and determined the Spearman’s rho rank correlation between co-expression and total
CNS frequency. Co-expression significance was determined by randomly selecting an
identical number of gene expression vectors from the relevant expression dataset where
co-expression was measured. Genes were selected from the total α-duplicate pool, and a
random Spearman’s rho was determined across 10,000 permutation tests (all rho and pvalues are listed in Appendix Table D.6).
This analysis revealed that there was significant positive correlation of αduplicate pair co-expression with the full gene CNS count in all nine PO-defined datasets
examined except for seeds (Figure 2.1a). This indicates a broad positive effect of CNS
signatures on α-pair co-expression across many plant organ/organ systems. An almost
identical effect was seen when total CNS base-pair counts were used given that most
CNSs are very short (mean is ~33bp; data not shown). These correlations were weak
(Spearman’s rho ranging from 0.07 to 0.14) but significant (p<0.01). When a similar
correlation was made for CNSs localized to TAIR8 sub-gene positions (5’-upstream, 5’-
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UTR, intronic, 3’-UTR, and 3’-downstream), there was a significant, positive correlation
with co-expression for CNSs localized to the 5’-upstream and 5’-UTR positions in all
datasets except for seeds (5’-upstream CNSs). Interestingly, there was a weak but
significant inverse correlation between co-expression and 3’-downstrem CNSs in some
datasets (leaves, rosette, seedling, and whole plants). When the same analysis was
restricted to α-duplicate pairs that contained at least one CNS, a significant correlation
between total CNS frequency and co-expression was only detected in root and shoot
datasets. However, most of the 5’-upstream CNS and 5’UTR CNS correlation trends
were maintained, and the 3’-downstream inverse trend strengthened in significance.
These data suggest CNSs are correlated with α-duplicate pair co-expression, but the
putative underlying expression control mechanisms in sub-gene positions (e.g. 5’upstream/5’-UTR vs. 3’-downstream) and tissues (e.g. root vs. shoot) may be mixed in
the sampled population.
CNSs enriched for transcription factor binding motifs (TFMs) is additional
evidence for CNS relevance and implies (not proves) transcription factor binding near αduplicate genes. To perform this important control and to test for the potential
involvement of TFMs, we segregated CNSs into those enriched for transcription factor
binding motifs (TFM+) and performed the correlation analysis (Figure 2.1a). This
revealed that at least one TFM+ CNS was required for significant positive correlation in
root (full gene CNSs, 5’-upstream CNSs), flower (5’-upstream CNSs), leaves (5’-UTR
CNSs), rosette (5’-UTR CNSs), seedlings (5’-UTR CNSs), seeds (5’-UTR CNSs), and
shoot (5’-UTR CNSs) datasets. In addition, the inverse correlation between α-duplicate
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pair co-expression and CNS frequency in 3’-downstream CNSs was most common with
TFM+ CNSs (flower, leaves, rosette, seedlings, whole plant datasets) with the exception
of 3’-downstream TFM- CNSs being associated with co-expression in seeds and leaves.
When the constraint that a sub-gene position had to contain at least one TFM+
CNS, α-duplicate pairs with 3’-downstream TFM+ CNSs demonstrated a significant
positive correlation between α-duplicate pair co-expression and full gene CNS frequency
that was significant across all datasets except rosette (Figure 2.1a). This effect was not
seen for α-duplicate pairs that contained CNSs with 3’-downstream CNSs which did not
contain TFMs. These results do not explain the observed inverse correlation between 3’downstream CNS frequency and co-expression, but do suggest the possible involvement
of regulatory protein-DNA binding including the possibility of direct transcriptional
control.

CNS Correlation with α-Duplicate Pair Expression Intensities.
Given the expression dataset and sub-gene position associations of CNSs with αduplicate pair co-expression, we tested whether CNSs might have an effect on overall
expression intensity. For these experiments, CNS counts were tested for correlation with
combined average expression intensity across a dataset for both genes in an α-duplicate
pair. Permutation tests as described above were used in significance testing. No
significant correlations were observed when the full-gene CNS count was tested for all αduplicates (Figure 2.2a; all rho and p-values are listed in Appendix Table D.7). However,
when only α-duplicates that contained a CNS were considered, a significant trend of
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negative correlation was observed for all datasets when 5’-upstream CNS counts were
used in the correlation with expression intensity (rho: -0.21 to -0.27). Conversely, a
significant positive correlation between intronic CNSs and expression intensity was
observed in five datasets (flower, seedlings, seeds, shoot, and whole plant). The relevance
of these correlations was supported by the fact that the average expression intensity for αduplicates with only 5’-upstream CNSs was significantly lower and α-duplicates with
only intronic CNSs was significantly higher than α-duplicates with no CNSs in almost all
datasets (Table 2.1). These results suggest that the CNS sub-gene position affects
expression levels of α-duplicate genes.
We then dissected α-duplicate pairs that were TFM (+/-) and found that the
inverse correlation caused by 5’-upstream CNSs was associated with TFM+ CNSs (rho: 0.21 to -0.27) (Figure 2.2a). Interestingly, the 5’-upstream TFM+ effect was enhanced
when 5’-UTR TFM- CNSs were excluded from the CNS count (rho: -0.30 to -0.34). The
positive correlation associated with the presence of intronic CNSs was maintained in
TFM+ tests for seeds, shoot, and flower datasets, and the correlation was extended to four
additional datasets when 5’-UTR TFM- CNSs were included. Further refinement of
TFM+ CNSs to those with a TFBS enrichment of 11X or greater exhibited an increase in
correlation across full-gene CNS counts and the 5’-upstream region. Increases in inverse
correlation (decreased rho) across full-gene CNS counts were observed in all nine
expression datasets with a modest increase observed in seeds (Δ0.10; data not shown),
while mild increases in the 5’-upstream region were limited to aerial, flower, rosette and
seeds (Δ0.02; data not shown). These data suggest CNSs localized to the 5’-upstream/5’-
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UTR regions may be having an opposite effect on α-duplicate expression relative to
intronic CNS TFM- CNSs, and the regulation could be occurring transcriptionally or
post-transcriptionally.

Co-expression and Expression Intensity Correlations with CNS Frequency in
Functionally Restricted α-Duplicate Pairs.
When α-duplicate pairs were divided into GO functional example sub-groups (αtranscription factors, α-kinases, α-chloroplast genes, α-plasma membrane genes), the
correlation of full gene CNS frequency with α-duplicate pair co-expression tended to be
more expression dataset specific (Figure 2.1b). In root samples, a significant and stronger
correlation was seen for α-duplicate pairs coded as α-transcription factors (rho = 0.26), αkinases (rho = 0.32), or localized to the chloroplast (rho = 0.24). Three additional
significant correlations were observed for α-transcription factor pairs in the flower dataset
(rho = 0.24) and shoot (rho = 0.18), and α-kinases in the seedling dataset (rho = 0.24).
When the constraint that the α-duplicates had to contain at least one CNS was conferred,
only the root α-kinase full-gene CNS frequency correlation with co-expression was
retained (rho = 0.39). The correlation of CNS frequency with α-duplicate pair intensity
tended to be more specific to sub-gene position (Figure 2.2b). Significant positive
correlations were restricted to α-duplicate transcription factors with 5’-UTR CNSs in
seven datasets (aerial, flower, leaves, rosette, seedlings, shoot, whole) and α-duplicate
kinases with intronic CNSs in the seed dataset.
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CNS Expression Patterns of Hormone/UV Responsive α-Duplicates.
Many genes associated with biotic and abiotic stresses in Arabidopsis are duplicated and
exhibit discordant or partitioned gene expression (Zou, Lehti-Shiu et al. 2009). Therefore,
we examined sets of α-duplicate genes found to be differentially expressed (DE) under
“environmental” perturbations (UV stress and hormone treatment) across all nine
expression datasets to determine if CNSs were associated with particular treatment
conditions. Both the hormone DE and UV stress DE gene lists were found to be
significantly enriched (Fisher’s exact test; p-values < 0.001) for α-duplicates (34% and
33%, respectively vs. 19% expected from α-duplicates in the genome background), as
well as enriched for the presence of CNSs (74% and 69%, respectively vs. 60% expected
from α-duplicates in the genome background).
Correlations between CNS frequency and co-expression (Figure 2.1c; Appendix
Table D.6) or combined average expression intensity (Figure 2.2c; Appendix Table D.7)
were found in DE α-duplicates from both hormone-/UV-treated datasets, but the patterns
of significant correlation were distinct. For α-duplicate hormone response genes, a
significant positive association between full-gene CNS frequency and co-expression was
observed in flower, root, seedlings, shoot and whole plant datasets (Figure 2.1c).
However, this trend was only observed for α-duplicates DE under UV stress in the seed
dataset.
When separated into positional categories, DE α-duplicates with 5’-upstream
CNSs tended to broadly correlate with co-expression under hormone (leaves, whole,
shoot, seedlings, root, flower) but not UV (seedling, whole) treatment (Figure 2.1c).
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When DE α-duplicates with CNSs localized to the 5’-UTR were considered, this trend
was reversed in that no correlation with co-expression was observed for hormone DE αduplicates, but the correlation was seen for UV DE α-duplicates in five datasets.
Interestingly, UV DE α-duplicates (but not hormone α-duplicates) showed an inverse
correlation between CNS positive α-duplicates with 3’-downstream CNSs and coexpression in three datasets (leaves, whole plant, and root).
Although UV stress DE α-duplicates had no significant correlations between CNS
frequency and expression intensity, a correlation was found in hormone response DE αduplicates between intronic CNS frequency and pairwise expression intensity was
observed in five of the nine datasets (Figure 2.2c). While there are significant correlations
for 3’ UTR CNSs in UV stress α-duplicates, further investigation reveals only five 3’
UTR CNSs within the selected gene list, suggesting the significance may be due to the
presence of these rare CNSs. These data suggest that position specific CNSs may exhibit
alternate roles for α-duplicates under varying conditions.

Possible CNS Control Mechanisms of α-Duplicate Pair Co-Expression via 5’-UTRs.
To test the possibility that stable RNA folds in 5’-UTRs could be involved in posttranscriptional regulation of α-duplicate steady state transcript levels, we predicted RNA
fold ∆G for the TAIR-annotated 5’-UTRs, introns and 3’-UTRs of α-duplicate pairs and
non-α genes allowing for a fold stability comparison of all transcribed CNSs. Markedly,
comparisons between 5’-UTR and 3’-UTR ∆G (length corrected) of all α-duplicates
versus all non-α transcripts was found to be significantly different with α-duplicates

44

tending to be more “stable” (Table 2.2; Student’s t-test; p = 1.79x10-22 and 4.38x10-8,
respectively).
We refined this analysis to α-duplicates with CNS signatures by comparing CNS
(+) α-duplicate pair against CNS (-) α-genes. A significant decrease in α gene 5’-UTR
∆G was observed if the α gene contained at least one CNS or a 5’-UTR localized CNS.
This increase in RNA fold “stability” was either very small or insignificant when
intron/3’-UTR CNS average ∆G was tested (Table 2.2). Interestingly, a general increase
in ∆G was seen in α-duplicate pairs that contained putatively non-transcribed CNSs (5’upstream, 3’-downstream) which provided a comparison with non-transcribed CNSs that
would not be found in mRNA (Table 2.2). However, our examination of the 5’-UTR fold
stability in A. thaliana found no significant correlations between 5’-UTR folding energy
and expression intensity or co-expression for α-duplicate pairs (data not shown). While
these speculative data suggest that the co-expression of α-duplicate pairs, in general,
could be influenced by more stable 5’-UTR folds, this effect could be due to the presence
of the 5’-UTR CNSs.
Given our results that α-duplicate pair 5'-UTRs may be enriched for stable RNA
folds relative to non-α 5'-UTRs, we tested if α-duplicate 5'-UTRs were enriched for any
specific noncoding RNA patterns. One possible RNA motif class is the riboswitch, which
are mRNA folds that can act as a protein-free metabolite sensor in bacteria and
eukaryotes (Breaker 2008). A thiamin pyrophosphate (TPP) based riboswitch motif has
been observed in 3'-UTR of A. thaliana transcripts and affects differential transcript
processing (Sudarsan, Barrick et al. 2003; Bocobza, Adato et al. 2007). The TPP
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riboswitch has also been located in the 5'-UTR of an ascomycete, Neurospora crassa
(Cheah, Wachter et al. 2007). Another possible motif the is the AU rich element
(AUUUA core motif; (Bakheet, Frevel et al. 2001), which interacts with the RNA
degrading exosome complex (Schilders, van Dijk et al. 2006). To search for these and
other motifs, we scanned all Arabidopsis 5’-UTRs for motifs from the Rfam database
(Gardner, Daub et al. 2009). Even at moderate stringencies, few motifs were identified in
the 5’-UTRs of either the α-duplicates or the non α genes, with no evidence for
enrichment of these motifs within CNSs.

Possible CNS Control Mechanisms of α-Duplicate Expression Intensity.
The positions of CNSs relative to their associated genes can be separated into two
categories: transcribed and non-transcribed. Each of these categories suggests the
potential for alternate mechanism of expression intensity regulation if the transcribed
CNS does not contain TFM(s). In order to evaluate the predicted differences in CNS
position effects, α-duplicates were separated into categories based on CNSs counts for
varying positions (Table 2.1). The frequency of α duplicate pairs with only 3’ UTR CNSs
was found to be less than 5 pairs in all of the nine expression datasets and this class was
excluded from analysis. Duplicate pairs with transcribed CNSs (5’-UTR and intronic) had
significantly higher average expression intensity when compared to non-transcribed (5’upstream and 3’-downstream) in all nine expression groups. When CNS position
categories were examined independently, the transcribed groups were found to be
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significantly different from all other categories except in the root and seed datasets (Table
2.1).
While not significantly different in all expression datasets, the observed increase
in average expression intensity for transcribed CNSs suggests a distinct role for
nontranscribed CNSs. While the possibility of particular sequence motifs in the 5’ UTR
that confer mRNA stability could explain the increase in observed intensity, the role of
intronic sequences is unclear. Any intronic sequences would be removed from the final
mRNA and would be unable to directly influence mRNA stability after splicing. A
potential mechanism for the influence of intronic CNSs on expression intensity is that
they may contain motifs that exhibit intron-mediated enhancement (IME) of gene
expression (Mascarenhas, Mettler et al. 1990). IME is an observed phenomenon by which
the presence of particular introns near the 5’ end of a gene is found to enhance expression
levels above those observed in the absence of the intron (Reddy, Golovkin et al. 2008;
Rose, Elfersi et al. 2008). However, for the maize knotted1 homeobox transcription factor
gene, a cluster of intron CNSs conserved in grasses turn “off” the gene when actively
bound (Inada, Bashir et al. 2003). Using the IMEter algorithm, introns were scored for
IME potential. The average IMEter score for α duplicates with at least one intronic CNS
was 12.41, while all α duplicates or non-α duplicates had a score of 7.46 and 2.10
respectively (Table 2.3). While each of these scores is lower than those obtained from
screening of known IME elements (Rose, Elfersi et al. 2008), the trend in IME scoring
and observed differences in expression intensities suggest that intronic CNSs may be a
marker for gene regulation.

47

Discussion
The total collection of microarrays sampled in this study comprised not only a large
variety of different organ-systems, organs, cells and tissues, but it also included multiple
transcriptome measurements involving chemical, hormonal or environmental treatments.
We chose to focus our study on potential organ/organ-system CNS control of α-duplicate
pair expression with a brief examination of “treated” datasets. Despite the relatively high
amount of “noise” conferred by mixed transcriptomes in our system, significant
correlations between CNS frequency and α-duplicate co-expression or expression
intensity were detectable in all tissue sets examined. These results support our hypothesis
that CNSs common to an α-duplicate pair are involved in the coordinated control of gene
expression for both genes even though the genes may now exist on different
chromosomes. Furthermore, our analysis has begun to reveal CNS regulatory complexity
in that CNSs may be involved in multiple mechanisms of gene expression control based
on their position relative to the reading frame of the gene as well as tissue-specific
control.
Our data suggest that there is a link between CNS sequence patterns and α
duplicate co-expression. In general, our data suggest that CNSs near the transcription
start site (TSS; 5’-upstream/5’-UTR) tend to have a positive effect on co-expression
while CNSs downstream of the TSS tend to disrupt co-expression (3’-UTR). However,
these trends are not true for all organs with seeds and roots being notable exceptions
(Figure 2.1a). The underlying mechanism of control by 5’-UTR and 3’-downstream
CNSs appears to be at least in part due transcription factor binding given the tendency for
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the TFM+ CNS frequency to correlate with co-expression. Again, this trend was not true
for all datasets suggesting that the CNSs may be inactive or behave differently depending
upon the tissue type. Intriguingly, the 5’-upstream CNS positive correlation pattern was
primarily observed in the absence of 5’-UTR/intronic/3’-UTR TFM- CNSs suggesting
that TFM-free, transcribed CNSs could mask the transcriptional effect of 5’-upstream
CNSs on co-expression, presumably through post-transcriptional mechanisms. It should
also be noted that the TFM+ 5’-UTR effect on co-expression was only present in the
absence of 5’-upstream TFM- CNSs, but not in all datasets. These data suggest that CNSs
can play a role in coordinated expression, but the correct CNS mixture (e.g. gain/loss of a
3’-downstream CNS) across a gene could result in divergent expression and possibly
drive sub-/neo-functionalization.
Our data suggest that the potential regulation of expression intensity by CNSs is
in general centered on CNSs localized to the 5’-upstream and intronic regions of αduplicate genes. The evidence suggests as one might expect that 5’- upstream CNSs
appear to affect steady-state transcript levels at the level of transcription given the
requirement for TFM+ CNSs in the CNS/expression intensity correlation. Furthermore,
these correlations are enhanced by the enrichment for α-duplicates with 5’-UTR TFM+
CNSs. An unexpected result is that these correlations are inverse suggesting that 5’upstream/5’-UTR CNSs may function in a gene repression capacity. Intronic CNSs
however, seem to have a positive effect on transcription, but in a more tissue restricted
fashion, and this effect is not always dependent upon TFM+ CNSs. Interestingly, if αduplicate pairs with 5’-UTR TFM+ CNSs are removed, the intron CNS positive effect on
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expression intensity becomes more general suggesting that intronic CNSs acting alone
could increase transcript levels which could be attenuated by the presence of 5’-UTR
CNSs.
Given that TFM+ CNSs do not explain all the transcript levels in our analysis, an
obvious question is what other regulatory mechanism(s) are encoded in the CNS
signatures? Dramatic progress has been made in recent years in understanding the rich
variety of mechanisms involved in the post-transcriptional regulation of gene expression.
Steady state levels of RNA transcript concentrations can be controlled by the regulation
of nuclear RNA processing by the spliceosome complex (Rino and Carmo-Fonseca
2009), nuclear RNA degradation by the exosome complex (Belostotsky and Sieburth
2009), mRNA nuclear export (Durairaj, Garg et al. 2009), riboswitches (Breaker 2008),
and cytoplasmic degradation of transcript through miRNA binding and recruitment of the
RISC complex (Kawamata and Tomari 2010). One or more of these molecular regulatory
mechanisms could be coded in the transcribed CNS motifs (e.g. 5’-UTR), which we
found to be strongly associated with α-duplicate gene regulation.
It has been previously reported that the mean length of α-duplicate genes are
~25% larger than their non-duplicated counterparts, which is consistent with our analysis
of 5’-UTRs with more recent gene annotations (TAIR8 vs. TIGR3; data not shown)
(Chapman, Bowers et al. 2006). The length of 5’-UTRs has been shown to have an
important role in the differential blend of tissue/organ- specific transcripts of various
genes and may play a role in some cancers (reviewed in (Pickering and Willis 2005)).
Computational analysis of transcription/translation profiles of Saccharomyces cerevisiae
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found significant correlations between 5’-UTR mediated transcript stability, transcript
half-life, protein level and translation rates (Ringner and Krogh 2005). This observation
coupled with the significant correlations between 5’-UTR CNS counts and α-duplicate
pair co-expression for all nine core organ datasets suggests that the 5’-UTR localized
CNSs may be involved in the control of steady-state expression of α-duplicate pairs.
However, we were unsuccessful at identifying any known 5’-UTR motifs in α-duplicates
that might explain the co-regulation patterns we have observed. It may be that specific
RNA motifs from known classes are present in α-duplicates 5’UTRs but are not present
in the Rfam database at this time. It is also possible that novel classes of motifs acting
post-transcriptionally might reside in α-duplicates 5’UTRs, an idea that will require
further study.
Once transcribed, the propensity of an ssRNA molecule to fold is high, and the
bioinformatic determination of the theoretical free energy of RNA folding (∆G) can be
associated with potential RNA fold stability. Still, this is a prediction and the expected
“noise” of nucleotide free folding energy can vary substantially in reality. To provide a
clue to the range of ∆G in real genes, average ∆G (sequence length corrected) was
determined for short A. thaliana processed microRNAs (-61.36 ± 4.49 ∆G/Kbp) and
longer highly folded transfer RNAs (-366.69 ± 1.93 ∆G/Kbp). We assumed that
significant differences in ∆G in CNS(+) α-duplicate pairs relative to CNS(-) pairs, if they
fell well within the above range, could be a measure of RNA fold stability trends and
possibly allow for the detection of different modes of potential CNS regulation (e.g.
transcriptional vs. post-transcriptional).
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It has been previously suggested that duplicated genes which are retained in pairs
may be restricted to a non-fractionated state as their biological functions are more
sensitive to gene dosage. These duplicate pairs are therefore retained as a by-product of
purifying selection (the natural drive to eliminate deleterious alleles from a population) as
the loss of one gene copy among a group of interacting genes would result in reduced
fitness (Freeling and Thomas 2006; Freeling 2009). It may be that CNSs are maintaining
this dosage constraint as their putative cis action can influence the degree of gene
expression and affect common dosage in an organ-specific manner.
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Figure 2.1: Correlation patterns between CNS frequency and α-duplicate pairwise
co-expression. Heat map for CNS frequency correlation with α-duplicate pair coexpression (Spearman’s rho) in all nine expression datasets for a) all α-duplicate pairs, b)
GO-related α-duplicate pairs, or c) UV-stress/hormone-treated differentially expressed
(DE) α-duplicate pairs. CNS counts subdivided into sub-gene positions including 5’Upstream, 5’-UTR, Intron, 3’-UTR, 3’-Downstream, or the sum of all five positions (Full
Gene). TFM = Transcription factor binding motif. n = number of α-duplicate pairs used
in test.
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Figure 2.2: Correlation patterns between CNS frequency and α-duplicate pair
expression intensity. Heat map for CNS frequency correlation with α-duplicate pair joint
pairwise expression intensity (Spearman’s rho) in all nine expression datasets for a) all αduplicate pairs, b) GO-related α-duplicate pairs, or c) UV-stress/hormone-treated
differentially expressed (DE) α-duplicate pairs. CNS counts subdivided into sub-gene
positions including 5’-Upstream, 5’-UTR, Intron, 3’-UTR, 3’-Downstream, or the sum of
all five positions (Full Gene). TFM = Transcription factor binding motif. n = number of
α-duplicate pairs used in test
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Aerial

Flower

Leaves

Shoot

Whole

α Duplicates with only 5' Upstream CNSs

CNS Position Category

7.24 ± 0.14B

7.32 ± 0.12A

7.15 ± 0.13A

7.14 ± 0.12B 7.30 ± 0.14A 7.05 ± 0.13B 7.10 ± 0.12B

7.02 ± 0.13B

7.00 ± 0.13B

α Duplicates with only 5' UTR CNSs

8.25 ± 0.17C

8.28 ± 0.16B

8.14 ± 0.17B

8.14 ± 0.16AC 8.23 ± 0.17B 8.22 ± 0.17C 8.18 ± 0.15AC 8.25 ± 0.16C

8.20 ± 0.17C

8.07 ± 0.12C

8.07 ± 0.11B

7.98 ± 0.12B

8.09 ± 0.12C 8.11 ± 0.11B 7.97 ± 0.12C 8.02 ± 0.12AC 8.02 ± 0.11C

7.99 ± 0.12C

α Duplicates with only Intronic CNSs
α Duplicates with only 3' UTR CNSs

#

α Duplicates with only 3' Downstream CNSs

n.d

n.d

n.d

7.33 ± 0.25AB

7.17 ± 0.26A

7.11 ± 0.24A

Root

n.d

Rosette

n.d

Seedlings

n.d

Seeds

n.d

7.66 ± 0.07A 7.66 ± 0.06A 7.48 ± 0.06A 7.65 ± 0.06A 7.65 ± 0.06A 7.50 ± 0.06A 7.68 ± 0.06AC
7.47 ± 0.05AB 7.46 ± 0.05A 7.35 ± 0.05A 7.38 ± 0.05B 7.49 ± 0.05A 7.33 ± 0.05AB 7.31 ± 0.05B
α Duplicates with at least 1 CNS in any position
α Duplicates with only non-transcribed CNSs
7.25 ± 0.12
7.30 ± 0.11
7.14 ± 0.12
7.12 ± 0.11 7.29 ± 0.12 7.06 ± 0.11 7.11 ± 0.11
α Duplicates with only transcribed CNSs
8.13 ± 0.10** 8.15 ± 0.09** 8.03 ± 0.10** 8.11 ± 0.09**8.15 ± 0.10** 8.05 ± 0.10** 8.08 ± 0.09**
#
This group was not analyzed due to sample size; ABCDE Values with the same letter are statistically similar via T-test (p >0.01)
Numbers represent combined average log expression for all alpha pairs determined to be present in each tissue, ±SEM
**p-value < 0.001 via Student's T-Test when compared to non-transcribed α Pairs
α Duplicates with zero CNSs

n.d

n.d

7.06 ± 0.27AB 7.22 ± 0.26A 7.12 ± 0.27AB 7.16 ± 0.29AB 7.07 ± 0.26AB 7.14 ± 0.25AB
7.51 ± 0.06A 7.51 ± 0.06A
7.33 ± 0.05AB 7.31 ± 0.05AB
7.03 ± 0.11
7.02 ± 0.11
8.10 ± 0.09** 8.06 ± 0.10**

Table 2.1: Comparison of Mean Combined Expression Intensity of α-Duplicate Pairs Grouped by CNS Position
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Group
No. of 5' UTRs
α Duplicates with zero CNSs
2279
α Duplicates with at least 1 CNS in any position
3889
α Duplicates with only 5' Upstream CNSs
886
α Duplicates with only 5' UTR CNSs
400
α Duplicates with only Intronic CNSs
705

Mean ∆G/Kbp (5' UTR) No. of Introns
-138.85 ± 1.72
10858
-154.52 ± 1.30**
18878
-123.53 ± 2.82**
3883
-185.03 ± 3.37**
1601
-172.34 ± 2.79**
4311

Mean ∆G/Kbp (Intron) No. of 3' UTRs
-152.23 ± 0.49
2293
-152.61 ± 0.36
3798
-148.95 ± 0.80**
927
-156.71 ± 1.26**
379
-156.30 ± 0.76**
644

2
n.d. A
59
-150.95 ± 6.27
249
-129.01 ± 5.48
1076
-147.25 ± 1.54
16153
-139.22 ± 0.67
93469
-152.56 ± 0.17
6170
-148.73 ± 1.04^^
29736
-152.47 ± 0.29
SEM is included for each mean; **p-value <0.001 via T-Test when compared to α duplicates with zero CNSs
^^p-value < 0.001 via Student's T-Test when compared to Non α Pairs
A
This group was not analyzed due to insufficient sample size
α Duplicates with only 3' UTR CNSs
α Duplicates with only 3' Downstream CNSs
Non a Duplicates
All a Duplicates

10
238
16578
6091

Mean ∆G/Kbp (3' UTR)
-182.58 ± 0.97
-186.11 ± 0.76
-179.81 ± 1.56
-188.98 ± 2.08
-192.88 ± 1.68**
-175.29 ± 14.25
-180.20 ± 3.30
-180.71 ± 0.39
-184.79 ± 0.60^^

Table 2.2: Comparison of Free Folding Energies and Transcribed Unit Length Grouped by CNS Position
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1

Intron Category

Transcripts Imeter score (avg)
Non α Duplicates
16,840
2.10
α Duplicates
5,148
7.46
α Duplicates with at least one intronic CNS
1,382
12.41
α Duplicates with zero intronic CNS
3,759
5.62
α Duplicates intronic CNS only
533
17.13
1
First intron of first transcript variant. 2P-value relative to non-alpha duplicates.

2

TTEST

--5.36E-37
1.98E-44
9.95E-14
4.73E-39

Table 2.3: Evidence for Intron-Mediated Enhancement of Transcription (IME) in αDuplicate Pairs
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Abstract
Complex traits and other polygenic processes require coordinated gene expression. Coexpression networks model mRNA co-expression: the product of gene regulatory
networks. To identify regulatory mechanisms underlying coordinated gene expression in
a tissue-enriched context, ten Arabidopsis thaliana co-expression networks were
constructed after manually sorting 4,566 RNA profiling datasets into aerial, flower, leaf,
root, rosette, seedling, seed, shoot, whole plant, and global (all samples combined)
groups. Collectively, the ten networks contained 30% of the measurable genes of
Arabidopsis and were circumscribed into 5,491 modules. Modules were scrutinized for
cis regulatory mechanisms putatively encoded in conserved noncoding sequences (CNSs)
previously identified as remnants of a whole genome duplication event. We determined
the non-random association of 1,361 unique CNSs to 1,904 co-expression network gene
modules. Furthermore, the CNS elements were placed in the context of known gene
regulatory networks (GRNs) by connecting 250 CNS motifs with known GRN cis
elements. Our results provide support for a regulatory role of some CNS elements and
suggest the functional consequences of CNS activation of co-expression in specific gene
sets dispersed throughout the genome.
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Introduction
Complex gene interactions control biological processes and a detailed knowledge
of their underlying regulatory mechanisms is critical to understand, repair, and
manipulate biological organisms. A powerful technique for modeling massive gene
product interaction systems is the construction of a gene interaction network (Barabasi
and Oltvai 2004). A gene interaction network graph is an intuitive construct that consists
of nodes (gene products), non-random dependencies between genes (edges), and
annotation of nodes and edges (attributes). While built from simple components, the
biological network is capable of modeling tens of thousands of gene relationships in a
well-defined mathematical environment suitable for higher order exploration such as
coordinated gene function and regulation inference derived from network topology
(Barabasi, Ravasz et al. 2001; Leskovec, Chakrabarti et al. 2010).
A specific class of gene interaction network, the co-expression network, describes
gene interaction as the non-random correlation of steady-state RNA output between
genes. Coordinately expressed gene sets tend to implement common biological function
and should impart similar gene regulation mechanisms (e.g. (Butte, Tamayo et al. 2000)).
Through a meta-analytical approach, numerous groups have mined large, mixedcondition gene expression datasets to construct networks and to partition the network into
co-expressed gene clusters (modules) underlying complex biological activities (Mao, Van
Hemert et al. 2009; Ficklin, Luo et al. 2010; Childs, Davidson et al. 2011; Peng and
Weselake 2011; Zheng, Liu et al. 2011). A co-expressed gene module elucidated under
defined experimental conditions (e.g. tissue source, treatment conditions, genetic
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background, etc.) can be viewed as the end product of context-specific gene regulatory
network pathways (Yilmaz, Mejia-Guerra et al. 2011). Therefore, the co-expression
network is a powerful tool to explore the functional output of dependent genes as well as
identify common (and possibly complex) mechanisms of coordinated gene regulation.
Steady-state RNA transcript output from genes is known to be regulated through
a variety of mechanisms including transcriptional and post-transcriptional mechanisms
(Vogel, de Sousa Abreu et al. 2010). For example, cis-acting DNA elements such as
transcription factor (TF) binding sites (Farnham 2009) and miRNA target motifs
(Voinnet 2009) interact with trans-acting factors activated under discrete temporal and
spatial conditions and coordinate enhancement or repression of target gene output
(Farnham 2009). In plants for example, the cis-acting drought response element (DRE;
A/GCCGAC) recruits trans-acting DRE-binding proteins (DREB) that affect gene
expression in response to abiotic stress (Hughes and Dunn 1996; Narusaka, Nakashima et
al. 2003). A specific collection of cis and trans regulatory factors compile a gene
regulatory network (GRN), which Mejia-Guerra et al defined as “composed of
transcription factors (TFs) and microRNAs (miRNAs), trans factors that regulate
transcription or RNA translation/degradation, via cis-elements in the promoters of their
target genes or in their resulting mRNAs respectively” (Mejia-Guerra, Pomeranz et al.
2012). GRN elucidation is an active area of research in all organisms, and a collection of
validated and putative Arabidopsis GRNs can be found in the Arabidopsis Gene
Regulatory Information Server (AGRIS) database AtRegNet; (Yilmaz, Mejia-Guerra et
al. 2011). Through the non-random assignment of cis regulatory motifs to GRN target
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genes in co-expression network modules, it is possible to associate one or more GRNs as
the potential mediators of co-expression network topology.
A potentially profound influence on the formation of gene co-expression
relationships is gene duplication in which coding sequences and flanking regulatory DNA
is multiplied, providing a new source of genetic information for selection (Freeling and
Subramaniam 2009). Multiple modes of gene duplication occur, frequent and rare, in all
multicellular organisms including tandem, whole-genome, segmental, and transposition
events (Freeling 2009). In the Arabidopsis thaliana (hereafter Arabidopsis) lineage there
have been three whole genome duplication events, with the most recent being a dramatic
tetraploidy event occurring ~23.2Mya (alpha duplication event) (Bowers, Chapman et al.
2003; Maere, De Bodt et al. 2005; Barker, Vogel et al. 2009). Remnants of the alpha
event can be detected in the form of duplicate open-reading frames (alpha duplicates) and
proximal conserved non-coding DNA sequences (CNSs; (Thomas, Rapaka et al. 2007))
that have resisted deletion (fractionation) over millions of years of evolution. Clearly,
these DNA patterns that have been copied and conserved should contain functional
information including gene regulatory potential.
We hypothesized that CNS elements detected in remnants of the alpha event are
involved in the regulation of steady state mRNA levels in Arabidopsis. In support,
Arabidopsis CNS elements have been shown to influence both co-expression and
expression intensity of alpha duplicate pairs in Arabidopsis and that CNS regulatory
mechanisms may be a combination of transcriptional and post-transcriptional control
(Spangler, Subramaniam et al. 2012). In this study, we sought evidence for a regulatory
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role of CNS elements in the formation of co-expression relationships in alpha duplicate
genes as well as genes found elsewhere in the genome. Our primary goal was to
determine the non-random association of CNS elements with tissue sorted co-expression
network gene modules. A CNS-enriched module can be hypothesized to be under partial
cis control by the CNS, and once placed into the context of known GRNs provides a
working model for the complex regulation that created a co-expressed gene set. In this
study, we were able to determine hundreds of functionally annotated gene modules from
tissue-enriched co-expression networks and provide evidence that many are controlled by
CNS-encoded regulatory mechanisms.

Results
Construction of Arabidopsis Co-expression Networks
In order to maximize detection of co-expression relationships relevant to specific
tissues and organs, we used 4,566 Arabidopsis Affymetrix® ATH1 microarray samples,
obtained from the NCBI Gene Expression Omnibus database (Barrett and Edgar 2006),
that were previously subdivided by manual curation into nine tissue-enriched datasets:
aerial, flower, leaf, root, rosette, seedling, seed, shoot, and whole plant (whole)
(Spangler, Subramaniam et al. 2012). Nine co-expression networks were then constructed
from these presorted groups which we termed: Aerial, Flower, Leaf, Root, Rosette,
Seedling, Seed, Shoot, and Whole networks. A tenth Global network was constructed
using all 4,566 microarray expression samples. Expression dataset input our network
construction pipeline ranged in size from 108 samples (Seed) to 877 (Leaf) samples.
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Significant pairwise correlations for each network were determined using the random
matrix theory (RMT) hard threshold method (Luo, Yang et al. 2007) with significant
correlation thresholds ranging from 0.836 (Seedling) to 0.942 (Seed) (Table 3.1). The
node count for each tissue-enriched network varied from 800 nodes (Shoot) to 1,780
(Aerial), accounting for 3.9% to 8.6% of the measureable gene space on the microarray
platform. The frequency of genes unique to a tissue-enriched network ranged from 9.6%
(Seedling) to 49.4% (Flower), while the unique edge count (co-expression relationships)
ranged from 38.3% (Seedling) to 83.0% (Seed) (Appendix Table E.1). When combined,
the number of unique genes present in the nine tissue-enriched networks was 5,947, or
28.8% of the measurable genes. The Global network contained 95,004 edges and 2,606
nodes, representing 12.6% of measurable genes of the array platform (Table 3.1). The
total number of unique genes in the ten networks was 6,246, representing 30.2% of the
measurable Arabidopsis gene space.
Each of the ten networks was then subdivided into modules of inter-connected
genes using the Markov Cluster (MCL) and link communities methods (Appendix Table
E.2) (Dongen 2000; Ahn, Bagrow et al. 2010). We refer to the genes in link communities
as Link Community Modules (LCM). The MCL algorithm circumscribes mutually
exclusive modules whereas the LCM method allows for node overlap between modules.
The number of MCL modules per network ranged from 113 (Flower) to 342 (Aerial)
while the number of LCM modules ranged from 172 (Shoot) to 810 (Global) (Table 3.1).
The MCL algorithm assigned all nodes to modules and captured 68.0% (Aerial) to 95.1%
(Global) of the network edges. The LCM algorithm captured 59.8% (Aerial) to 93.8%
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(Global) of the network edges and 43.8% (Aerial) to 66.0% (Flower) of network nodes.
In total, 5,491 modules were detected across all ten networks.

Significant Association of CNS Elements with Co-expressed Gene Modules
CNS elements were previously detected as conserved sequence patterns proximal
to alpha duplicate gene pairs (Thomas, Rapaka et al. 2007) and may play a role in the coregulation of alpha duplicate gene pairs (Spangler, Subramaniam et al. 2012). Functional
CNSs contain information (regulatory and otherwise) that was copied during the whole
genome duplication event and resisted deletion, presumably through the selective
advantages associated with maintenance of the duplicate gene pair as opposed to
fractionation. Any function encoded in a CNS element could be active elsewhere in the
genome which would simply be missed in the CNS screen that was focused on proximal
alpha duplicate gene space. Therefore, we sought to evaluate CNS regulatory patterns
outside of alpha duplicate genes by identifying CNS elements in non-alpha duplicates
across the Arabidopsis genome. CNS elements that were found near fractionated (nonalpha) genes were termed CNS’ elements. In total 10,439 out of 11,452 CNS elements
were identified in close proximity to 18,853 genes throughout the genome (Appendix
Table E.3). Thus, we assigned 56.1% of Arabidopsis genes (TAIR10 build) with a CNS’
element compared to 11.2% unfractionated alpha genes near CNS elements.
Co-expression edges represent statistically dependent relationships. We
hypothesized that co-expressed genes on an edge or within an LCM or MCL module
share common regulatory features that are the correlation source. Specifically, we
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hypothesized that co-expressed genes share GRN components, including cis regulatory
DNA elements (CREs), that may be encoded in CNS or CNS’ elements. To address this,
we tested if network modules were A) enriched in genes (nodes) that contain CNS or
CNS’ elements; or B) demonstrated the non-random occurrence of co-expressed gene
pairs (edges) that share the same CNS or CNS’ element, which were termed shared
regulatory edges (SREs).
First we evaluated all MCL and LCM modules for significant enrichment of genes
proximal to CNS or CNS’ elements that contain putative CREs, an indicator that the
module might be regulated by the CRE. Starting with MCL modules, the number of
unique enriched CNS elements varied from 25 (Flower) to 107 (Aerial) while the number
of unique enriched CNS’ elements was slightly higher ranging from 32 (Flower/Shoot) to
123 (Aerial; Table 3.2). Enrichment within the Global network MCL modules was
similar with 54 CNS and 92 CNS’ enriched elements. Combining enrichment results for
all of the 2,213 MCL modules resulted in 411 CNS and 549 CNS’ enriched elements
(Bonferroni p ≤ 0.001; Appendix Table E.4). Within LCM modules, the number of
unique enriched CNS elements varied from 29 (Shoot) to 92 (Whole), while the number
of unique enriched CNS’ elements ranged from 22 (Shoot) to 58 (Root; Table 3.2).
Enrichment within LCM modules in the Global network was high relative to the nine
tissue-enriched networks with 105 CNS and 91 CNS’ detected elements. Combining
enrichment results for all 3,278 LCM modules resulted in 329 CNS and 360 CNS’
enriched elements (Bonferroni p ≤ 0.001; Appendix Table E.4). All enriched CNS or
CNS’ elements were then compared across networks for exclusivity. On average, 36% of
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CNS elements and 58% of CNS’ elements enriched in modules were exclusive to a given
network (Table 3.2). In total, module enrichment revealed 1,288 CNS or CNS’ elements
enriched in 1,830 modules across all networks.
Next we used permutation testing to identify modules with a non-random
occurrence of SREs. Starting with MCL modules with a significantly higher number of
SREs relative to background, the number of CNS elements varied from 0 (Flower) to 34
(Aerial) while the number of CNS’ elements tended to be higher ranging from 22 (Shoot)
to 56 (Rosette; Table 3.2). Within the Global network MCL modules, a significant
number of SREs ranged higher for CNS (41) and CNS’ (75). Combining results for all of
the 2,213 MCL modules resulted in 202 CNS and 216 CNS’ enriched elements
(Bonferroni p ≤ 0.001; Appendix Table E.5) from modules with a significant number of
SREs. Within LCM modules the number of CNS elements in modules with a significant
number of SREs varied from 0 (Leaf) to 20 (Root/Rosette), while CNS’ elements tended
to be higher ranging from 0 (Leaf/Root) to 52 (Seedling; Table 3.2). The Global network
was high compared to the nine tissue-enriched networks with 105 CNS and 114 CNS’
elements. Combining results for all of the 3,278 LCM modules resulted in 169 CNS and
154 CNS’ elements (Bonferroni p ≤ 0.001; Appendix Tables E.5). In total, SRE
permutation testing identified 469 unique CNS or CNS’ elements in 165 modules with a
significant number of SREs across all networks. Enriched elements in modules with
significant proportions of SRE were also screened for network exclusivity. On average,
81% of CNS elements and 26% of CNS’ elements found were exclusive to each network
(Table 3.2). The existence of exclusively enriched CNS and CNS’ element across tissue-
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enriched networks suggests the possibility of tissue-specific function, but is not
considered further in this manuscript. After combining node enrichment and SRE
significance results, we were able to assign 1,361 unique CNS or CNS’ elements to 1,904
modules.

Mapping CNS Elements to Gene Regulatory Networks (GRNs)
While individual genes can be regulated by a single cis-regulatory module (CRM)
(Jeziorska, Jordan et al. 2009), we expected that co-expressed modules were likely the
result of complex regulation through multiple CREs and CRMs which may be acting in
one or more GRNs (Jeziorska, Jordan et al. 2009; Moreno-Risueno, Busch et al. 2010).
To place the CNS and CNS’ elements into a known regulatory network context, we first
mapped module genes to known Arabidopsis GRN target genes from the AtRegNet GRN
database (Yilmaz, Mejia-Guerra et al. 2011). On average, for all ten networks, 24.8% of
the modules contained genes of known GRN targets, with an average of 2.4 targets per
module (Appendix Table E.6). Next, we tested whether these putative CNS/CNS’embedded CREs overlapped with AtRegNet GRN-CREs. To do this, we mapped each of
the 471 unique GRN-CREs collected from AtRegNet to the CNS or CNS’ elements and
found that 250 of the unique CNS/CNS’-embedded CREs contained known GRN-CREs
(Appendix Table E.6). The remaining 1,111 CNS/CNS’ CREs were not represented in
the AtRegNet database, and our results provide evidence for their role as novel GRN
components. Interestingly, only 26 of the 1,904 modules mapped to CNS or CNS’
elements contained nodes annotated as transcription factors (TFs) indicating that TFs are
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rarely co-expressed with putative regulatory targets in a module (Appendix Table E.6).

Discussion
These results support the hypothesis that CNS elements are involved in the
regulation of steady state mRNA levels in Arabidopsis. We provide evidence in the form
of non-random association of CNS and CNS’ elements with co-expression network
modules indicating a regulatory role of CNS-encoded CREs beyond alpha duplicate
genes and into the broader genome. Specifically, we provide evidence of cis regulatory
function for 1,361 unique CNSs across 1,904 co-expressed gene modules. A CNS-/CNS’enriched module can be hypothesized to be under partial cis control by the element.
Moreover, when these elements were placed into the context of known gene regulatory
networks (GRNs), a model was created of the complex regulation underlying a coexpressed gene module. Furthermore, our method filtered insignificant CNS and CNS’
elements that are either non-functional (artifacts?), weakly involved in coordinated
expression of module genes, or are not involved in mechanisms that control steady state
RNA levels.
A current limitation of global co-expression networks is that many gene
interactions are often missed because of mixing transcriptome states which confounds the
detection of diluted but relevant relationships. This may confound the detection of genes
controlled by overlapping GRNs and CREs such as the CNS elements examined in this
study. Significance thresholding of pairwise expression correlations ensures that
networks contain highly-significant, non-random interactions (Luo, Yang et al. 2007).
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However, if a treatment condition or tissue source is underrepresented in an expression
profile collection, then a real interaction relevant to that cellular environment could be
masked and remain undiscovered. The end result is that global co-expression networks
often capture a small portion of the measurable RNA interactome of an organism. For
example existing rice, maize and Arabidopsis co-expression networks captured between
10 to 20% of the measurable genes respectively (Ma, Gong et al. 2007; Mao, Van Hemert
et al. 2009; Ficklin, Luo et al. 2010; Ficklin and Feltus 2011). This implies that
assignment of coordinated gene output to relevant biological function is incomplete and
the data mining potential of public databases is not fully realized. Through manual presorting of expression data into tissue-enriched groups, our network collection increased
capture of Arabidopsis genes in co-expression relationships to 30.2% enhancing the
power to detect diluted tissue-specific gene interactions.
Previous co-expression networks have been constructed from grouped samples
designed for a specific test (Mao, Van Hemert et al. 2009) or focused on select tissues of
interest (Peng and Weselake 2011). Our approach gathers all available expression data
for a holistic view of co-expression, and attempts to reduce noise created by mixing
disparate datasets via partitioning samples into ontology defined expression sets. The
composite of all nine tissue-enriched networks captured 5,947 unique nodes (28.7% of
the measurable gene space), 51,750 unique edges, and 1,977 (MCL) / 2,468 (LCM)
modules. This was a marked improvement over the Global network, which captured
12.6% of the measurable gene space. The sample size of each tissue network is in line
with the prescribed “optimum” of 100 microarrays (Aoki, Ogata et al. 2007), and each
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network contained overlapping and distinct regulatory information (Table 2). Therefore,
these networks and their functionally annotated modules are a significant improvement in
the description of the Arabidopsis interactome.
The network partitioning algorithm played an important role in our ability to
detect putative CRE-encoded CNS/CNS’ elements in modules. Each algorithm (MCL vs.
LCM) found distinct differences in node-based enrichment for CNS (411 vs. 329) and
CNS’ (549 vs. 360) elements (Appendix Table E.4). We expected the total number
enriched elements in LCM modules to be lower as LCM modules only captured an
average of 50.0% of the nodes in tissue-enriched networks. This was supported in that
LCM modules captured 0.23 unique elements per module on average compared to 0.47
unique elements per MCL module. Notably only 25% (334) of the node enriched CNS or
CNS’ elements were found in both MCL and LCM modules. It should be noted that SREbased association of CNS signatures to modules was also different for each module set
(MCL vs. LCM): CNS (202 vs. 169) and CNS’ (216 vs. 154) elements. This suggests that
both node-based and edge-based CRE to module association approaches could be used in
conjunction with alternate module discovery techniques to maximize the detection of
potential module-CRE relationships.
For each module annotated with putative CREs in our study (Appendix Table
E.6), evidence is provided for the regulation of that gene set. For example, AerialMCL25, which contained the largest number of enriched CNS’ elements (9), was
comprised of 10 genes that group into three families: three Cruciferins (Pang, Pruitt et al.
1988), two Oleosins (Kim, Hsieh et al. 2002) and five seed storage albumins genes
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(SESA; (Gruis, Selinger et al. 2002; Ruuska, Girke et al. 2002)) (Figure 3.1 and Table
3.3). Four of the five SESA genes exist in tandem on chromosome four (SESA1, SESA2,
SESA3 and SESA4) and seven of the ten genes share CNS’ elements (CRU1, CRU2,
SESA1, SESA2, SESA3, SESA4 and SESA5; Figure 3.1). Seven of the module’s twentyseven edges exist between genes that share CNS’ elements (CNS’ SRE), although only
two of these edges exist between genes that are not part of the tandem SESA block
(SESA3-SESA5 and CRU1-CRU2; Figure 3.1). Many of these genes are also coexpressed in other MCL modules across the nine tissue-enriched networks (Seedling,
Seed, Shoot and Whole; Appendix Table E.2), suggesting that their co-expression
relationships are robust across temporal and spatial conditions. In addition, some of the
enriched CNS’ elements for the Aerial-MCL25 module contain basic leucine zipper
(bZIP) and MYB transcription factor binding sites, which have been associated with seed
storage proteins (Table 3.3; (Peng and Weselake 2011)). The combination of CNS’
elements encoded for known CRE motifs and those without known function provides a
framework for the regulatory analysis of this example module, a representative model for
each module identified in our network collection.
Was the regulatory potential captured by CNSs more likely to be maintained in
unfractionated parts of the genome? We tested this by counting CNS’ occurrences in
close proximity to alpha duplicate genes versus the remainder of the genome. The
proportion of alpha duplicate genes with CNS’ elements was found to be significantly
higher compared to non-alpha duplicate genes (p < 0.00001). Eighty percent (5,076) of
alpha duplicate genes were assigned at least one CNS’ element compared to 51%
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(13,777) of non-alpha genes. In comparison, the propensity of CNS elements to resist
fractionation may be duplication-mechanism specific since only 4% of transposed genes
in Arabidopsis have annotated CNSs (Woodhouse, Tang et al. 2011). This suggests that
CNSs encode regulatory potential that favors retention after whole genome duplication
events.
In conclusion, our co-expression network collection provides an extended model
of the Arabidopsis RNA interactome for the discovery of gene regulatory mechanisms.
Specifically, we applied this model to test the hypothesis that CNS elements encode
regulatory information affecting the co-expression of both alpha duplicates and genes
found in fractionated genome regions. In support of this hypothesis, we found that over
34% (1,904) of co-expressed gene modules were significantly associated with CNS or
CNS’ elements. In addition, we identified 1,111 putative CRE-encoded CNS signature,
extending known GRN models. These data demonstrate the utility of gene co-expression
networks for deepening our view into the Arabidopsis regulome.

Methods
Arabidopsis Co-expression Network Construction
All microarray expression datasets in this study were comprised of the nine
ontology sets after normalization and quality control, as described in (Spangler,
Subramaniam et al. 2012) (Appendix Table E.7). All networks were generated by
constructing a similarity matrix of pairwise Pearson correlations for every probe set
across all samples. A random matrix theory (RMT) based algorithm (Luo, Yang et al.
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2007) was used to select a hard threshold of significant correlation. All probe sets in the
RMT-thresholded networks were then mapped to genes using ATH1 mappings available
via TAIR (Lamesch, Berardini et al. 2012) (affy_ATH1_array_elements-2010-12-20.txt;
ftp://ftp.arabidopsis.org/home/tair/Microarrays/Affymetrix/).mOf the original 22,810
probe sets on the ATH1 platform, all Affymetrix control probe sets (prefixed with
AFFX), probe sets that did not map to a gene model in TAIR10 (non-genic), probe sets
that mapped to multiple loci (ambiguous), or probe sets that were shared by a single gene
(redundant) were removed (Appendix Table E.8). The final count of probe sets used was
20,677. After probe set filtering, modules were generated using the Markov Cluster
algorithm (MCL;(Dongen 2000)). MCL modules were generated using the clustermaker
v1.1 plugin with Cytoscape v2.82 using default parameters (inflation value = 2.0)
(http://www.cgl.ucsf.edu/cytoscape/cluster/clusterMaker.html;
http://www.cytoscape.org/). LCM modules were identified with the linkcomm (Kalinka
and

Tomancak

2011)

package

in

R

(binary

version

1.0-4;

http://cran.r-

project.org/web/packages/linkcomm/index.html). Module assignments for all genes
within networks can be found in Appendix Table E.2.

Genome Screening for CNS elements
All of the 11,452 TAIR8-derived CNS sequences (Thomas, Rapaka et al. 2007; Spangler,
Subramaniam et al. 2012) were aligned using BLASTN against the TAIR10
chromosomes masked for coding and repeat sequences. TAIR10 chromosomes and
coding

sequences

were

downloaded
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from

TAIR

(ftp://ftp.arabidopsis.org/home/tair/Sequences/Whole_chromosomes/*chr*.fas;
ftp://ftp.arabidopsis.org/home/tair/Sequences/blast_datasets/TAIR10_blastsets/TAIR10_c
ds_20101214). Arabidopsis repeat sequences were downloaded from the MSU database
(ftp://ftp.plantbiology.msu.edu/pub/data/TIGR_Plant_Repeats/TIGR_Arabidopsis_Repea
ts.v2_0_0.fsa) All BLAST hits were limited to an e-value of a 15/15 exact base pair
match (e-value ~ 0.2). BLAST results were then filtered for alignments of at least 90% of
the original CNS sequence length before being considered CNS’ sequences. CNS’
sequences were assigned to all genes within 2000 bp (upstream or downstream) using a
Perl script. This resulted in 10,439 unique CNS’ sequences assigned to 18,853 genes
(Appendix Table E.3).

CNS/CNS’ Element Enrichment within Modules
All modules in the ten networks were tested for enrichment of CNS or CNS’
regulatory element terms using a DAVID-like (Huang da, Sherman et al. 2007) functional
profiling strategy using in house Perl scripts (Huang, Sherman et al. 2008; Ficklin, Luo et
al. 2010). All terms were tested for enrichment across all networks and network modules
via a Fisher’s exact test using a Perl script. Any terms with a Bonferroni p-value ≤ 0.001
were considered significantly enriched (Appendix Table E.4).

Shared Regulatory Edge Enrichment
All networks were separated into groups of edges completely contained within
modules (intramodule) and edges that existed between modules (intermodule). Using a
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Perl script intramodule edges with shared CREs (CNS, CNS’) between both nodes were
identified. These edges were referred to as shared regulatory edges (SRE). Modules with
more than one edge and a count of one or more SRE were tested for a significant
proportion of SREs by randomly selecting the same edge count from the background of
all network edges (intermodule and intramodule edges) 10,000 times. The p-values were
obtained by dividing the number of instances in which permuted SRE counts were higher
than observed SRE counts across all permutations (Appendix Table E.5).

AtRegNet GRN-Module Associations
Module genes were mapped to the ‘TargetLocus’ in AtRegNet
(reg_net_20100915.tbl) downloaded from http://arabidopsis.med.ohio-state.edu. A list of
Transcription Factor Binding Sites (TFBS) active at the transcriptional level was obtained
from the AtRegNet AtcisDB (http://arabidopsis.med.ohio-state.edu/AtcisDB/), which
comprised 471 unique TFBS elements dispersed across the Arabidopsis genome
(Palaniswamy, James et al. 2006). Cis elements from AtRegNet were aligned to CNS or
CNS’ elements via blastn (Altschul, Madden et al. 1997) and filtered for 100% sequence
identity over 100% of the shortest aligned sequence, a word score of 5 and a minimum evalue of 100. The collection of 1,926 transcription factor genes was obtained from the
supplemental data in (Thomas, Rapaka et al. 2007). Primary gene descriptions and
symbols for TAIR10 can be found in Appendix Table E.9.
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Enrichment of Functional Terms within Modules
All modules in the ten networks were tested for enrichment of CNS or CNS’
regulatory element terms using a DAVID-like (Huang da, Sherman et al. 2007) functional
profiling strategy using in house Perl scripts (Huang, Sherman et al. 2008; Ficklin, Luo et
al. 2010). All terms were tested for enrichment across all networks and network modules
via a Fisher’s exact test using a Perl script. Any terms with a Bonferroni p-value ≤ 0.001
were

considered

significantly

enriched

(Appendix

Table

E.4).

All

GO

(ATH_GO_GOSLIM.txt; ftp://ftp.arabidopsis.org/home/tair/Ontologies/Gene_Ontology;
10-25-2011)

and

Interpro

(TAIR10_all.domains;

ftp://ftp.arabidopsis.org/home/tair/home/tair/Proteins/Domains/; 11-18-2010) annotations
were

downloaded

from

(TAIR10_pep_20101214.txt)

TAIR.

All

were

TAIR10

peptide

downloaded

sequences
from

ftp://ftp.arabidopsis.org/home/tair/Proteins/TAIR10_protein_lists and submitted to the
KEGG Automatic Annotation server on 10-26-2011 (Moriya, Itoh et al. 2007).
Enrichment of functional terms including gene ontology (GO), protein domains
(Interpro), and biochemical pathways (KEGG) within all modules can be found in
Appendix Table E.4.
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Figure 3.1: Module Aerial-MCL25. Aerial-MCL25 represents a module with a
significant proportion of shared regulatory edges (SRE) and the highest number of
enriched CNS’ elements. SREs are found between genes in close proximity as well as
genes on different chromosomes. All genes are shown with their approximate coordinates
within the Arabidopsis genome (e.g. SESA1, SESA2, SESA3 and SESA4 are tandem
duplicates on chromosome 4 at 13.60 Mb). Most genes shown are involved in seed
growth and development. Alpha duplication genes have been designated with the symbol
α. Bent black arrows represent the direction of gene transcription. Black downward
arrows represent CNS’ elements and unique elements are identified by different numbers.
Solid black lines represent co-expression network edges and black dotted lines are shared
regulatory edges (SRE). (CRU = Cruciferin; OLE = Oleosin; SESA = seed storage
albumin).
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Network
Aerial
Flower
Leaf
Root
Rosette
Seedling
Seed
Shoot
Whole
Global

Arrays
231
146
877
640
268
675
108
305
771
4,566

Nodes
1,780
972
920
1,690
1,627
1,722
1,081
800
1,735
2,606

Edges
5,217
8,043
4,553
9,537
5,867
13,562
3,574
4,699
17,111
95,004

<k>
5.9
16.5
9.9
11.3
7.2
15.8
6.6
11.7
19.7
72.9

PCC
0.862
0.941
0.902
0.837
0.864
0.836
0.942
0.926
0.851
0.487

MCL
342
113
148
297
285
261
201
119
211
236

<k> = Average connectivity; PCC = Pearson correlation coefficient significance threshold;
MCL = Markov clustering modules; LCM = Link community modules

Table 3.1: Arabidopsis Co-expression Network Properties
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LCM
278
187
181
323
289
435
177
172
426
810

CNS
Network
Aerial
Flower
Leaf
Root
Rosette
Seedling
Seed
Shoot
Whole
Global

CNS'

CNS in SRE

CNS' in SRE

MCL

LCM

MCL

LCM

MCL

LCM

MCL

LCM

107 (59)
25 (8)
45 (10)
84 (51)
78 (37)
65 (20)
68 (34)
35 (7)
69 (21)
54 (17)

52 (27)
44 (24)
47 (10)
49 (11)
69 (24)
69 (10)
44 (27)
29 (8)
92 (20)
105 (38)

123 (80)
32 (21)
45 (28)
96 (64)
87 (45)
69 (26)
88 (53)
32 (22)
74 (42)
92 (29)

52 (35)
43 (30)
26 (14)
58 (30)
53 (37)
41 (20)
51 (33)
22 (14)
45 (22)
91 (46)

10 (10)
12 (12)
0 (0)
20 (12)
20 (10)
6 (6)
6 (0)
4 (2)
10 (10)
105 (87)

34 (34)
0 (0)
2 (2)
22 (20)
23 (23)
20 (18)
24 (24)
22 (16)
24 (20)
41 (35)

38 (15)
12 (0)
0 (0)
0 (0)
9 (1)
52 (10)
8 (0)
17 (0)
38 (14)
114 (59)

39 (0)
48 (20)
28 (0)
40 (12)
56 (30)
48 (20)
36 (20)
22 (4)
36 (10)
75 (31)

MCL = Markov clustering modules; LCM = Link community modules; SRE = Shared regulatory edge; CNS = Conserved noncoding sequence
Numbers in parentheses represent regulatory element frequency specific to corresponding network.

Table 3.2: Unique Regulatory Elements in Co-expression Network Modules
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Element
CNS_007564
CNS_007554
CNS_007560
CNS_007562
CNS_007563
CNS_007558
CNS_006699
CNS_006700
CNS_007556
A

p-value A
3.51E-09
6.32E-09
6.32E-09
2.85E-06
2.85E-06
3.06E-04
5.10E-04
5.10E-04
5.10E-04

Bonferroni corrected p-value;

FDRB
7.64E-11
1.44E-10
1.40E-10
7.71E-08
7.92E-08
1.02E-05
1.89E-05
1.96E-05
1.82E-05
B

Known CRE Motifs
GTNNAC; G-box ; bHLH/MYB ; bZIP
GTNNAC; G-box ; ARR ; bHLH/MYB ; bZIP
ABRE ; E-box ; G-box ; DPBF ; MYC
phyA
phyA
GTNNAC; G-box ; ARR ; bHLH/MYB ; bZIP

FDR = False Discovery Rate; CRE = cis-regulatory DNA element

Table 3.3: Regulatory Element Enrichment within Network Module Aerial-MCL25
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Abstract
Steady-state mRNA levels are tightly regulated through a combination of
transcriptional and post-transcriptional control mechanisms. The discovery of cis-acting
DNA elements that encode these control mechanisms is of high importance. We have
investigated the influence of conserved noncoding sequences (CNSs), relics of a whole
genome duplication event, on the breadth of gene expression and the rates of mRNA
decay in Arabidopsis thaliana. The absence of CNSs near α duplicate genes was
associated with a decrease in breadth of gene expression and slower mRNA decay rates
while the presence CNSs near α duplicates was associated with an increase in breadth of
gene expression and faster mRNA decay rates. The observed differences in mRNA decay
rate could not be attributed to functional annotation or gene duplication status, and the
rate of mRNA decay was fastest in genes with CNSs in both nontranscribed and
transcribed regions, albeit through an unknown mechanism. This study supports the
notion that some Arabidopsis CNSs regulate the steady-state mRNA levels through posttranscriptional control mechanisms and that CNSs also play a role in controlling the
breadth of gene expression.
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Introduction
Duplication of genetic material has been proposed to be one of the primary evolutionary
factors driving organism complexity and occurs at various scales ranging from single
gene transpositions to whole genome duplication (WGD) events (Freeling and Thomas
2006; Edger and Pires 2009; Freeling 2009; Schnable, Pedersen et al. 2011; Woodhouse,
Tang et al. 2011). Instances of WGD are particularly prevalent in plants as roughly 35%
of flowering plants are polyploid relative to their basal genera, and nearly all angiosperms
have experienced an ancestral WGD (Sémon and Wolfe 2007; Wood, Takebayashi et al.
2009; Paterson, Freeling et al. 2010; Jiao, Wickett et al. 2011). Duplicate gene pairs that
are retained post-duplication are expected to have either developed novel function
(neofunctionalization) or distributed function between duplicated gene pairs
(subfunctionalization) (Ohno 1970; Force, Lynch et al. 1999). The most likely outcome
from a duplication event is the loss of additional genetic material through
pseudogenization or deletion (fractionation) (Haldane 1933; Nei and Roychoudhury
1973; Freeling, Woodhouse et al. 2012). However, many duplicated genes are enriched
for particular biological functions (e.g. transcription factors, kinases, stress response),
which suggests a more complex mechanism for gene retention (Blanc and Wolfe 2004;
Seoighe and Gehring 2004; Zou, Lehti-Shiu et al. 2009).
The retention of specific functional classes encoded in duplicated genes suggests
the fractionation process may involve a combination of factors including environmental
cues, duplication scale, and relative levels of gene expression (Birchler, Riddle et al.
2005; Zou, Lehti-Shiu et al. 2009; Wang, Wang et al. 2011; Yang and Gaut 2011). For
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instance, genes retained after a WGD event are thought to be retained more frequently
relative to discrete duplication events due to the copying of surrounding DNA that
encodes contains regulatory information (Schnable, Pedersen et al. 2011; Wang, Wang et
al. 2011). Genes retained from WGD events in Arabidopsis and Oryza are consistent with
this hypothesis, as they are less likely to display divergent expression patterns than
duplicated genes from small-scale events (Casneuf, De Bodt et al. 2006; Wang, Wang et
al. 2011). Through the study of conserved DNA sequence flanking duplicated loci, it is
possible to identify specific regulatory motifs captured by the duplication event.
Arabidopsis thaliana provides an excellent system to interpret the consequences
of massive-scale gene duplication, as there have been three WGD events (Bowers,
Chapman et al. 2003; Maere, De Bodt et al. 2005; Barker, Vogel et al. 2009). The most
recent WGD in the Arabidopsis lineage was a tetraploidy event that occurred roughly
23.2 Mya (α duplication event; (Bowers, Chapman et al. 2003; Maere, De Bodt et al.
2005; Jiao, Wickett et al. 2011)). Remnants of the α event can be detected in the form of
duplicate gene pairs (α duplicates) and proximal conserved noncoding DNA sequences
(CNSs) that have resisted fractionation (Thomas, Rapaka et al. 2007).
The discovery of function encoded in CNS signatures is an active area of
research. Recently, we identified a link between CNSs and the regulation of expression
intensity, maintenance of co-expression between duplicate gene pairs, and association
with known gene regulatory networks (Spangler, Ficklin et al. 2012; Spangler,
Subramaniam et al. 2012). Roughly half of the annotated CNSs contain known
transcription factor binding sites (TFBS), although not all of the TFBS are functional
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(Freeling, Rapaka et al. 2007; Spangler, Ficklin et al. 2012; Spangler, Subramaniam et al.
2012). We hypothesized that some intronic CNSs could be encoding intron-mediated
enhancement (IME) regulatory mechanisms (Spangler, Subramaniam et al. 2012).
Moreover, it was previously shown that CNSs were not related to small RNAs or
transposable elements (Thomas, Rapaka et al. 2007). The contribution of CNSs to the
regulation of gene expression is clear, but knowledge of the specific underlying
regulatory mechanisms is incomplete.
While much focus on the regulation of mRNA levels has been at the
transcriptional level, an increasing number of studies have focused on post-transcriptional
control of steady-state mRNA levels (Shalem, Dahan et al. 2008; Elkon, Zlotorynski et
al. 2010; Vogel, de Sousa Abreu et al. 2010). The rates of mRNA degradation have been
found to respond to various environmental and stress conditions, such as DNA damage,
oxidative stress and chemical exposure (Shalem, Dahan et al. 2008; Elkon, Zlotorynski et
al. 2010). Biological function also appears correlated with mRNA stability. Genes
involved in metabolism tend to have longer half-lives, while regulatory genes tend to
have shorter half-lives (Wang, Liu et al. 2002; Yang, van Nimwegen et al. 2003). Narsai
et al calculated the rates of decay for over 13,000 Arabidopsis genes and found the
median half-life to be 3.8 hrs (Narsai, Howell et al. 2007). While Narsai et al focused on
identifying DNA sequence elements in the 5’- and 3’- UTRs associated with mRNA
decay rates, their analyses did not include gene duplication status or the presence of
CNSs. Given the association of CNS position near α duplicates on predicted free folding
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energies of 5’-UTRs (Spangler, Subramaniam et al. 2012), we investigated any role of
CNSs on mRNA stability.
The focus of this study was to examine potential post-transcriptional control of
gene expression encoded in CNSs located near α duplicate gene coding sequences. We
hypothesized that regulatory motifs encoded in some CNS signatures control the steadystate mRNA levels in Arabidopsis at the level of RNA stability. We tested this hypothesis
using the RNA decay information from Narsai et al, the most recent CNS annotation in
Arabidopsis, and a collection of 7,158 publicly available microarray expression profiling
datasets. We examined the effect of CNS gene position on the rate of mRNA decay and
breadth of gene expression.

Results
Gene Characteristics and mRNA Decay Rate
Whole genome duplicate gene pairs derived from the α duplication event (α
duplicates) exhibit higher average levels of expression than other genes in Arabidopsis
(Wang, Wang et al. 2011; Yang and Gaut 2011). We had previously associated CNSs
with changes in average expression intensity (AEI) and hypothesized that CNSs may
influence mRNA stability (Spangler, Subramaniam et al. 2012). In a simple system, the
steady-state mRNA concentration can be considered a combination of the rate of
transcription and the rate of mRNA decay. We decided to test if the presence of CNSs
was associated with changes in mRNA decay rates. To do this we collected the mRNA
half-lives of 12,189 Arabidopsis genes from (Narsai, Howell et al. 2007). Within the
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12,189 genes from Narsai et al there was a significant correlation between AEI and
mRNA half-life across 7,016 processed microarray datasets (Spearman’s rho = 0.462; p <
2.2x10-16; Appendix F), supporting the idea that AEI could be partially explained by the
rate of mRNA decay.
CNSs have been identified in all subgene positions relative to α duplicates (5’upstream, 5’-UTR, intron, 3’-UTR and 3’-downstream (Thomas, Rapaka et al. 2007;
Spangler, Subramaniam et al. 2012)). While only ~34% of CNSs are located within
transcribed subgene positions (5’-UTR, intron and 3’-UTR), each of these regions have
been associated with changes in mRNA stability independent of CNS annotation (Decker
and Parker 1993; Peng, Chen et al. 1998; Lindquist, Parsons et al. 2004; Meng, King et
al. 2005; Wang, Guo et al. 2005; Narsai, Howell et al. 2007). For example, Narsai et al
identified that the absence of an intron was sufficient to decrease mRNA half-life (Narsai,
Howell et al. 2007) and this pattern was maintained with updated Arabidopsis annotation
(TAIR10; Appendix G; Kolmogorov–Smirnov p-value (KS-p) test p = < 2.20x10-16).
Notably, the absence of an annotated 5’-UTR or 3’-UTR was also sufficient to decrease
mRNA stability (Appendices H-I; KS-p = < 2.20x10-16 and < 2.20x10-16, respectively).
With the objective of identifying changes in mRNA that could be attributed to CNS
presence, we therefore limited our analyses to the 9,958 genes measured by Narsai et al
that contained annotated 5’-UTR, intron and 3’-UTR sequences and considered a p-value
≤ 0.001 significant for all comparisons.
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CNS Presence and mRNA Decay Rate
In order to examine if CNSs alter the rate of mRNA decay we separated α
duplicates into two gene subsets based on CNS presence. We found CNS negative α
duplicates (α duplicates with no CNSs) had an increased mRNA half-life relative to all
genes (median 5.02 hrs and 4.11 hrs, respectively; KS-p = 1.06x10-9; Figure 4.1; Table
4.1). Notably, CNS positive α duplicates (α duplicates with at least one CNS) had a
decreased mRNA half-life relative to all genes (median 3.57 hrs and 4.11 hrs,
respectively; KS-p = 7.81x10-7; Figure 4.1; Table 4.1). The difference in mRNA half-life
between CNS positive α duplicates and CNS negative α duplicates was also significant
(median 3.57 hrs and 5.02 hrs, respectively; KS-p = 5.33x10-15; Table 4.1; Appendix
Table N.1).
As AEI can vary based on CNS subgene position, we looked for a similar effect
on the rate of mRNA decay by examining the half-lives of α duplicates with only
nontranscribed CNSs, α duplicates with only transcribed CNSs, and α duplicates with
both nontranscribed and transcribed CNSs. There was no difference in mRNA half-life
for α duplicates with only nontranscribed CNSs relative to all genes (median 3.51 hrs and
4.11 hrs, respectively; KS-p = 1.03x10-3; Figure 4.2; Table 4.1). The mRNA half-life for
α duplicates with only nontranscribed CNSs was significantly lower relative to CNS
negative α duplicates (3.51 hrs and 5.02 hrs, respectively; KS-p = 2.92x10-8; Table 4.1;
Appendix Table N.1). No significant change was observed in mRNA half-life between α
duplicates with only transcribed CNSs relative to all genes (median 4.24 hrs and 4.11 hrs,
respectively; KS-p = 0.72; Figure 4.2; Table 4.1), although the mRNA half-life for α
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duplicates with only transcribed was lower than CNS negative α duplicates (median 4.24
and 5.02 hrs, respectively; KS-p = 8.74x10-4; Table 4.1; Appendix Table N.1).
Interestingly, there was a significant decrease in mRNA half-life for α duplicates with
both nontranscribed and transcribed CNSs compared to all genes (median 2.85 hrs and
4.11 hrs, respectively; KS-p = 6.99x10-11; Figure 4.2; Table 4.1) and this decrease in
mRNA half-life for α duplicates with both nontranscribed and transcribed CNSs was also
lower than CNS negative α duplicates (2.85 and 5.02 hrs, respectively; KS-p < 2.20x1016

; Table 4.1; Appendix Table N.1). All pairwise comparisons for mRNA half-life were

also made using Wilcoxon ranked sum tests and resulted in similar patterns of
significance (Appendix Table N.2).
These results associate CNS annotation with an increase (CNS positive α
duplicates) or decrease (CNS negative α duplicates) in rate of mRNA decay relative to
genomic background. In order to verify this trend using a reverse approach we isolated
the genes with the fastest rates of mRNA decay (lower quartile; ≤ 2.23 hrs) and genes
with the slowest rates of mRNA decay (upper quartile; ≥ 7.48 hrs) and looked for
enrichment or depletion of CNS annotation (Appendix J). Genes with the fastest rates of
mRNA decay were enriched in CNS positive α duplicates relative to the genomic
background (20.0% vs 16.3%, respectively; Fisher’s p-value (FI-p) = 2.05x10-5).
Notably, genes with the fastest rates of mRNA decay were also depleted in CNS negative
α duplicates relative to the genomic background (8.6% vs 11.4%, respectively; FI-p =
7.12x10-5). Genes with the slowest rates of mRNA decay were enriched in CNS negative
α duplicates relative to background (14.3% vs 11.4%, respectively; FI-p = 8.08x10-5).
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Genes with the slowest rates of mRNA decay had no change in the proportion of CNS
positive α duplicates relative to background (15.1% vs 16.3%, respectively; FI-p = 0.14).

CNS Presence and Breadth of Gene Expression
As mentioned previously, a simple model of steady-state mRNA levels (e.g. AEI)
could be explained by the combination of transcriptional rate and mRNA decay. Since we
observed significant differences in mRNA half-life between CNS positive α duplicates
and CNS negative α duplicates, we therefore hypothesized that any variance of gene
expression across the microarray datasets could be partially regulated by CNSs through
an mRNA decay mechanism. To determine if the observed changes in mRNA decay
based on CNS annotation could be attributed to broad (many tissues or conditions) or
narrow (few tissues or conditions) gene expression, we examined the sample variance of
expression intensity for all genes across the 7,016 expression datasets. We selected the
metric τ to quantify the sample variance, as it is similar to the coefficient of variation
(CV), but has been reported to be superior compared to CV for measuring breadth of
gene expression (Liao and Zhang 2006). A τ = 1 represents expression in only a single
microarray experiment, while a τ = 0 represents expression across all 7,016 microarray
experiments in our study.
All α duplicates were then dissected into two gene subsets based on CNS
presence. Unlike rates of mRNA decay, there was no difference in τ for CNS negative α
duplicates relative to all genes (median 0.281 and 0.287, respectively; KS-p = 0.02;
Figure 4.3; Table 4.1). Similarly, CNS positive α duplicates also had no difference in τ
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relative to all genes (median 0.296 and 0.287, respectively; KS-p = 3.11x10-3; Figure 4.3;
Table 4.1). Markedly, CNS positive α duplicates had significantly higher τ (narrower
expression) than CNS negative α duplicates (median 0. 296 and 0.281, respectively; KS-p
= 7.14x10-4; Table 4.1; Appendix Table N.1).
We then examined α duplicates separated into gene subsets based on CNS
subgene position. There was a significant increase in τ (narrower expression) for α
duplicates with only nontranscribed CNSs relative to all genes (median 0.304 and 0.287,
respectively; KS-p = 5.82x10-5; Figure 4.4; Table 4.1). The increase in τ for α duplicates
with only nontranscribed CNSs was also significant relative to CNS negative α duplicates
(median 0.304 and 0.281, respectively; KS-p = 3.74x10-4; Table 4.1; Appendix Table
N.1). There was no difference in τ for α duplicates with only transcribed CNSs relative to
all genes (median 0.283 and 0.287, respectively; KS-p = 0.04; Table 4.1). Additionally, α
duplicates with only transcribed CNSs had no change in τ relative to CNS negative α
duplicates (median 0.283 and 0.281, respectively; KS-p = 0.19; Figure 4.4; Table 4.1;
Appendix Table N.1). Interestingly, there was an increase in τ (narrower expression) for
α duplicates with both nontranscribed and transcribed CNSs relative to all genes (median
0.319 and 0.287, respectively; KS-p = 2.06x10-7; Figure 4.4; Table 4.1). The increase in τ
for α duplicates with both nontranscribed and transcribed CNSs was also significant
relative to CNS negative α duplicates (median 0.319 and 0.281, respectively; KS-p =
1.85x10-7; Table 4.1; Appendix Table N.1). All pairwise comparisons for τ were also
made using Wilcoxon ranked sum tests and resulted in similar patterns of significance
(Appendix Table N.2).
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CNS’ Annotation and Gene Expression Characteristics
The initial screen of CNS elements was limited to α duplicate pairs (Thomas,
Rapaka et al. 2007). However, there is the possibility that CNS elements exist elsewhere
in the genome near singletons, non-α duplicates or in non-duplicated form surrounding
other α duplicates. We had identified additional CNS elements throughout the
Arabidopsis genome and labeled these elements as CNS’ (Spangler, Ficklin et al. 2012).
We tested for differences in mRNA half-life, τ and CV across α duplicates, singletons
and non-α duplicates with and without CNS’ annotation. As per the CNS analysis, we
found that CNS’ positive α duplicates had significantly shorter mRNA half-lives than
CNS’ negative α duplicates (median 3.95 and 5.29 hrs, respectively; KS-p = 8.31x10-8;
Table 4.2; Appendix Table N.3). Similar to the CNS-only analysis, there was no
significant difference between CNS’ positive α duplicates and CNS’ negative α
duplicates for τ (median 0.291 and 0.284, respectively; KS-p = 0.29; Table 4.2; Appendix
Table N.3). Interestingly, there was no difference in mRNA half-life between CNS’
positive singletons and CNS’ negative singletons (median 4.21 and 4.59 hrs, respectively;
KS-p = 0.10; Table 4.2; Appendix Table N.3). There was also no difference in mRNA
half-life between CNS’ positive non-α duplicates and CNS’ negative non-α duplicates
(median 3.95 and 3.98 hrs, respectively; KS-p = 0.94; Table 2; Appendix Table N.3). All
pairwise comparisons for CNS’ gene subsets were also made using Wilcoxon ranked sum
tests and resulted in similar patterns of significance (Appendix Table N.4).
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Discussion
While the ability of CNSs to influence steady-state mRNA levels at the transcriptional
level has previously been examined, the potential for post-transcriptional regulation by
CNSs was limited to examining IME and predicted 5’-UTR folding energies (Spangler,
Subramaniam et al. 2012). In this study, we associated the presence of CNSs with faster
rates of mRNA decay and the absence of CNSs with slower rates of mRNA decay. We
propose these differences in rates of mRNA decay are partially responsible for changes in
breadth of gene expression (τ and CV). Broadly, this study and previous results supports
our working hypothesis that CNSs encode multiple regulatory mechanisms and influence
steady-state mRNA levels at both transcriptional and post-transcriptional levels.
Within this study we found the presence of CNSs was sufficient to significantly
reduce mRNA half-life by ~0.5 hrs relative to all genes and ~1.5 hrs relative to CNS
negative α duplicates (Table 4.1). This reduction in mRNA stability was further
supported by the enrichment of CNS positive α duplicates within genes with the fastest
rates of mRNA decay. The reduction in mRNA half-life appeared to be partially
dependent on CNS subgene position, as α duplicates with only transcribed CNSs were the
most similar to the genomic background and had the smallest difference in mRNA halflife relative to CNS negative α duplicates. This suggests that the presence of even a single
nontranscribed CNS may be sufficient to reduce mRNA half-life. We attempted to
narrow the effect of CNSs on mRNA half-life to individual subgene positions (e.g. 5’upstream, 5’-UTR), but were unable to detect any significant differences (data not
shown).
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The association of nontranscribed CNSs (5’-upstream and 3’-downstream) with
an increased rate of mRNA decay is a surprising finding given that any RNA decay
motifs encoded in the CNS would not be present in the preprocessed or mature RNA
transcript. The mechanism by which nontranscribed CNSs are influencing the rate of
mRNA decay is unknown, but it may be that α duplicates with nontranscribed CNS are
associated with motifs that are not encoded within the CNS. For example, a number of
genes in Arabidopsis contain miRNA target motifs within their coding regions (Llave,
Xie et al. 2002; Rhoades, Reinhart et al. 2002; Chen 2004), and some genes contain
coding region motifs recognized by RNA binding proteins that reduce transcript stability
(Chang, Yamashita et al. 2004; Lee and Gorospe 2011). The potential for α duplicates to
contain novel cis-regulatory post-transcriptional motifs within their coding sequence is
interesting and should be considered in future studies. It is possible that the CNS is
coupled to a conserved coding (i.e. CDS) motif that would be bypassed by the way CNSs
were discovered.
α Duplicates with nontranscribed CNSs and α duplicates with both nontranscribed
and transcribed CNSs demonstrate narrower expression (higher τ) than CNS negative α
duplicates, which suggests that nontranscribed CNSs may contain cis-regulatory elements
responsible for controlling breadth of gene expression. However, only α duplicates with
both nontranscribed and transcribed CNSs had lower mRNA half-lives than CNS
negative α duplicates, suggesting that the changes in breadth expression are only partially
regulated at the level of mRNA decay. The differences in breadth of expression between
the gene subsets we tested were also maintained using CV as our metric of breadth of
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gene expression, although the statistical differences were less defined than τ (Appendix
Tables N.1-N.4). The similarity between metrics was due, in part, to a correlation
between CV and τ (Spearman’s rho = 0.556; < 2.20x10-16; Appendix K). These results
further support that τ provides an improved level of resolution for measuring breadth of
gene expression, and that CNSs assist in the control breadth of gene expression.
Although α duplicates have higher expression level (AEI) relative to other genes
in Arabidopsis (Wang, Wang et al. 2011; Yang and Gaut 2011), we found α duplicates to
only have a small increase in AEI relative to all genes within our dataset (median 7.79
and 7.73, respectively; KS-p =2.82x10-4). The small differences in AEI were also
reflected in mRNA half-life as we found no significant differences in mRNA half-life
between α duplicates, singletons and non-α duplicates relative to all genes (Appendix L).
Intriguingly, we did observe a difference in AEI between CNS positive α duplicates and
CNS negative α duplicates (median 7.68 and 7.94, respectively; KS-p = 5.09x10-4),
further supporting a link between AEI and mRNA half-life. While there was no effect of
gene duplication status on mRNA half-life, we did observe a significant decrease in τ for
singletons relative to all genes (Appendix M). This had been previously observed in
Arabidopsis (Yang and Gaut 2011) and supports the hypothesis that mRNA stability only
partially controls the breadth of gene expression.
Expanding our analysis to CNS elements outside of α duplicate gene pairs
(CNS’), it was found that there was still a significant difference in mRNA decay between
CNS’ positive α duplicates relative to CNS’ negative α duplicates (Table 4.2). However,
CNS’ presence did not have any detectable influence on mRNA half-life for singletons or
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non-α duplicates. We propose the following hypotheses regarding these observations: i)
the DNA sequence in CNS’ elements has diverged sufficiently or lost appropriate
positional proximity that post-transcriptional regulation was lost; ii) CNS elements must
be maintained in duplicate form for post-transcriptional regulation to function correctly;
iii) CNS’ elements are false positive cis-regulatory motifs. There is evidence to dispute
the third hypothesis, as CNS’ elements have been found to overlap with known gene
regulatory networks (Spangler, Ficklin et al. 2012). Further research on CNS’ elements
would help to test these hypotheses.
Rates of mRNA decay have been correlated with several functional classes of
genes, such as kinases, plasma membrane proteins and transcription factors (Wang, Liu et
al. 2002; Yang, van Nimwegen et al. 2003; Narsai, Howell et al. 2007). Notably, α
duplicates are enriched in some of these functional classes (e.g. transcription factors;
(Thomas, Rapaka et al. 2007)). In addition, rates of mRNA decay are known to vary
based on various environmental stimuli, such as chemical exposure, oxidative stress or
DNA damage (Shalem, Dahan et al. 2008; Elkon, Zlotorynski et al. 2010), which would
depend on regulatory signals such as transcription factors. However, upon examination of
each CNS gene subset there was no significant enrichment of functional terms (e.g. GO,
KEGG) beyond annotation previously associated with α duplicates (e.g. transcription
factors, kinases; Appendix Table N.5; (Blanc and Wolfe 2004; Seoighe and Gehring
2004; Thomas, Rapaka et al. 2007)). Therefore this suggests that the differences in
mRNA stability associated with CNS presence or absence cannot be attributed to an
obvious functional class.
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Our working hypothesis is that CNSs are cis-regulatory DNA elements that
influence mRNA steady-state levels, and the regulatory mechanisms encoded in the
CNSs are a combination of transcriptional and post-transcriptional control. The
prevailing hypothesis for the fractionation bias observed after most WGD events is that
genes more sensitive to variation in dosage, possibly conferred by CNS encoded
regulation, have a higher impact on fitness and are more likely to be retained in
duplicated gene pairs (Birchler and Veitia 2007; Schnable, Wang et al. 2012). In this
case, the organism’s ability to tightly regulate gene dosage via an mRNA decay
mechanism after a WGD event would provide a selective advantage. More specifically,
within this study we provide evidence that post-transcriptional control of α duplicate
pairs could be mediated through CNSs via mRNA decay mechanisms. Remarkably,
genes with CNSs are more likely to be maintained across multiple WGD events
(Schnable, Pedersen et al. 2011; Schnable, Wang et al. 2012), and it may be that the
regulatory flexibility conferred by CNSs to regulate gene dosage has played an integral
role to the retention of many α duplicates following the α WGD event.

Materials and Methods
Identification of Gene Duplication Status
The list of α duplicates gene pairs were collected from (Thomas, Pedersen et al. 2006)
and were updated to TAIR10 annotation, reducing the list of 3,166 gene pairs to 3,118.
Genes with only self BLASTP hits (E < 10-10) in the TAIR10 genome were considered
singletons. There were 5,108 genes that met this criterion in the TAIR10 genome. Any
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gene that was not an α duplicate or singleton was assigned to the category of non-α
duplicates.

Microarray Collection and Genome Annotation
A total of 7,158 Arabidopsis ATH1 Genome Array experiments were obtained from
NCBI GEO (platform GPL198). RMA normalization (Irizarry, Hobbs et al. 2003) was
performed for all samples together using the command-line utility of RMAExpress
(http://rmaexpress.bmbolstad.com/). Sample outlier detection was performed using the
arrayQualityMetrics (Kauffmann, Gentleman et al. 2009) tool for Bioconductor
(Gentleman, Carey et al. 2004). Samples that failed two of the three outlier tests were
removed from the dataset. The remaining dataset consisted of 7,016 microarray
experiments. All probe sets were then mapped to genes using ATH1 mappings available
via TAIR (affy_ATH1_array_elements-2010-12-20.txt;
ftp://ftp.arabidopsis.org/home/tair/ Microarrays/Affymetrix/; (Swarbreck, Wilks et al.
2007)). Of the original 22,810 probe sets on the ATH1 platform, all Affymetrix control
probe sets (prefixed with AFFX), probe sets that did not map to a gene model in TAIR10
(nongenic), or probe sets that mapped to multiple loci (ambiguous) were removed. The
final count of probe sets used was 21,107. Any values calculated for probe sets that were
shared by a single gene (redundant) were averaged. The list of CEL files used can be
found in Appendix Table N.6.
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mRNA Stability Estimates
Observed mRNA half-lives were collected from the supplementary information of
(Narsai, Howell et al. 2007) and included data for 13,012 probe sets. The probe sets were
reduced to exclude nongenic and ambiguous probe sets. The final count of probe sets
analyzed was 12,327. Half-lives for probe sets that were shared by a single gene
(redundant) were averaged and resulted in 12,189 genes. The distributions of mRNA
half-life were compared using the Kolmogorov–Smirnov test (ks.test) and Wilcoxon
ranked sum test (wilcox.test) in R. The associated p-values can be found in Appendix
Tables N.1-N.4.

Breadth of Gene Expression
The breadth of gene expression was measured with the index τ (Yanai, Benjamin et al.
2005; Yang and Gaut 2011) :
(

∑

(

)
)

S(i,max) represents the maximum expression intensity for the given probe set across all
microarray experiments. Genes with a τ = 0 represent expression across all microarrays,
while genes expressed in only 1 microarray will approach τ = 1. Breadth of gene
expression was also measured using the coefficient of variation (

⁄ ) for each

probe set.

Functional Enrichment Within CNS Subgene Position Exclusive α Duplicates
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α duplicates were separated into CNS positive α duplicates, CNS negative α duplicates, α
duplicates with only nontranscribed CNSs, α duplicates with only transcribed CNSs and
α duplicates with both nontranscribed and transcribed CNSs. These gene lists were then
tested for enrichment of functional terms using a DAVID-like (Huang, Sherman et al.
2007) functional profiling strategy using in-house Perl scripts (Huang, Sherman et al.
2008; Ficklin, Luo et al. 2010). All terms were tested for enrichment across each gene list
via a Fisher's exact test using a Perl script. Any terms with a Bonferroni p ≤ 0.001 were
considered significantly enriched. All GO (ATH_GO_GOSLIM.txt;
ftp://ftp.arabidopsis.org/home/tair/Ontologies/Gene_Ontology; 10-25-2011) and Interpro
(TAIR10_all.domains; ftp://ftp.arabidopsis.org/home/tair/home/tair/Proteins/Domains/;
1118-2010) annotations were downloaded from TAIR. All TAIR10 peptide sequences
(TAIR10_pep_20101214.txt) were downloaded from
ftp://ftp.arabidopsis.org/home/tair/Proteins/
TAIR10_protein_lists and submitted to the KEGG Automatic Annotation server on 1026-2011 (Moriya, Itoh et al. 2007). All Pfam domains were obtained from the Sanger
database
(ftp://ftp.sanger.ac.uk/pub/databases/Pfam/current_release/database_files/pfamA.txt.gz).
Enrichment of functional terms including gene ontology (GO), protein domains (Interpro
and Pfam) and biochemical pathways (KEGG) can be found in Appendix Table N.5.
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CNS’ Annotation
All CNS’ annotation was collected from the supplemental data of (Spangler, Ficklin et al.
2012). The associated p-values from all Kolmogorov–Smirnov test and Wilcoxon ranked
sum tests with CNS’ can be found in Appendix Tables N.3-N.4.

TAIR10 UTR Annotation
All TAIR10 5’-UTR, intron and 3’-UTR sequences were downloaded from TAIR
(TAIR10_5_utr_20101028, TAIR10_intron_20101028 and TAIR10_3_utr_20101028).
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Figure 4.1: The distribution of mRNA half-lives across α duplicates grouped by
CNS presence/absence. Each gene subset is restricted to genes with annotated 5’ UTR,
intron and 3’ UTR sequence. The D-value represents the distance between the
distributions and was used in the Kolmogorov-Smirnov (KS) statistic to determine
statistical difference. CNS = Conserved noncoding sequence.
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Figure 4.2: The distribution of mRNA half-lives across α duplicates with subgene
position restricted CNS annotation. Each gene subset is restricted to genes with
annotated 5’ UTR, intron and 3’ UTR sequence. The D-value represents the distance
between the distributions and was used in the Kolmogorov-Smirnov (KS) statistic to
determine statistical difference. CNS = Conserved noncoding sequence. NT =
Nontranscribed. T = Transcribed.
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Figure 4.3: The distribution of τ across α duplicates grouped by CNS
presence/absence annotation. Each gene subset is restricted to genes with annotated 5’
UTR, intron and 3’ UTR sequence. The D-value represents the distance between the
distributions and was used in the Kolmogorov-Smirnov (KS) statistic to determine
statistical difference. CNS = Conserved noncoding sequence.
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Figure 4.4: The distribution of τ across α duplicates with subgene position restricted
CNS annotation. Each gene subset is restricted to genes with annotated 5’ UTR, intron
and 3’ UTR sequence. The D-value represents the distance between the distributions and
was used in the Kolmogorov-Smirnov (KS) statistic to determine statistical difference.
CNS = Conserved noncoding sequence. NT = Nontranscribed. T = Transcribed.
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Gene Subset
Genes mRNA HL
τ
CV
All Genes
9958
4.11
0.287
0.099
α Duplicates
2755
4.21
0.289
0.102
Singleton
2092
4.35
0.277
0.093
Non-α Duplicates
5111
3.96
0.290
0.101
CNS Negative α Duplicates
1130
5.02
0.281
0.099
CNS Positive α Duplicates
1625
3.57*
0.296* 0.103
α Duplicates with only NT CNSs
454
3.51*
0.304* 0.110*
α Duplicates with only T CNSs
703
4.24*
0.283 0.094*
α Duplicates with T and NT CNSs
468
2.85*
0.319* 0.114*
*p-value < 0.001 via KS test compared to CNS Negative α Duplicates
All values shown for mRNA HL, τ and CV are medians;T = Transcribed
CV = Coefficient of Variation;HL = mRNA half-life (hrs);NT = Nontranscribed

Table 4.1: Gene Expression Characteristics of Arabidopsis Gene Subsets
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Gene Subset
Genes mRNA HL
τ
CV
CNS' Negative α Duplicates
497
5.29
0.284 0.101
CNS' Positive α Duplicates
2258
3.95*
0.291 0.102
CNS' Negative Singletons
940
4.59
0.274 0.092
CNS' Positive Singletons
1152
4.21
0.278 0.094
CNS' Negative Non-α Duplicates 2202
3.98
0.287 0.100
CNS' Positive Non-α Duplicates
2909
3.95
0.291 0.103
*p-value < 0.001 via KS test compared to CNS' Negative α Duplicates
All values shown for mRNA HL, τ and CV are medians
CV = Coefficient of Variation; HL = mRNA half-life (hrs)

Table 4.2: Gene Expression Characteristics Based on CNS' Annotation
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CHAPTER FIVE
SUMMARY AND FUTURE PROSPECTS
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Within this dissertation I provide evidence which supports the hypothesis that
CNSs regulate steady-state levels of mRNA in Arabidopsis thaliana and demonstrate this
regulation is through a rich combination of transcriptional and post-transcriptional control
mechanisms. In Chapter 2, I show that CNS frequency is correlated with steady-state
RNA expression intensity and co-expression of α duplicate gene pairs. Furthermore, I
provide evidence that gene regulatory information encoded in CNS elements occurs
through transcriptional (i.e. transcription factor binding) and post-transcriptional control
mechanisms (i.e. intron mediated enhancement). In Chapter 3, I describe the discovery
that CNSs are present in the Arabidopsis thaliana genome in fractionated form outside of
α duplicate gene pairs (i.e. CNS’ signatures). In addition, some CNS/CNS’ motifs are
likely components of known and novel gene regulatory networks. Finally in Chapter 4, I
delve deeper into the idea that CNSs encode post-transcriptional control mechanisms in
that some CNSs are associated with increased rates of mRNA decay and CNS most likely
play a role in the regulation of breadth of gene expression.
Arabidopsis thaliana serves as an excellent model for studying the effects of
whole genome duplication as it has experienced at least three events within its ancestry
(Bowers, Chapman et al. 2003; Maere, De Bodt et al. 2005; Jiao, Wickett et al. 2011).
While previous studies have screened noncoding regions in Arabidopsis for patterns in kmers (Lichtenberg, Yilmaz et al. 2009) or screened upstream regions for conserved DNA
sequence motifs (Vaughn, Ellingson et al. 2012), few studies have examined noncoding
regions in the context of whole genome duplication. By screening noncoding sequence
surrounding α duplicates within Arabidopsis, the Freeling lab was able to examine
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putative regulatory elements conserved following a whole genome duplication and,
ultimately, identified 14,944 CNSs within the TAIR5 Arabidopsis genome (Thomas,
Rapaka et al. 2007). This list of CNSs was further refined to 11,452 CNS elements using
TAIR8 annotation and was used for the bulk of our analyses to investigate their possible
regulatory function. My work has extended the previous work of the Freeling lab by
investigating the putative function of CNSs and why CNSs are important enough to resist
fractionation.
While it was previously determined that some CNSs contain known transcription
factor binding sites (Freeling, Rapaka et al. 2007), my work provides a higher resolution
view into the discrete components of gene regulatory networks encoded by CNSs.
Furthermore, my work has shown that it is likely the regulatory mechanisms encoded by
CNSs are dependent on the relative subgene position. For example, there is an inverse
relationship in α duplicates between 5’-upstream CNS frequency and expression intensity
(Spearman’s rho = -0.21 to -0.27; permuted p < 0.01; Chapter 2), and there is a positive
relationship between intronic CNS frequency and expression intensity (Spearman’s rho =
0.10 to 0.15; permuted p < 0.01; Chapter 2). I also discovered that α duplicates with only
transcribed CNSs have higher average expression levels than α duplicates with only
nontranscribed CNSs (Chapter 2). Moreover, I was able to associate nontranscribed
CNSs, which would be absent from the intermediate or processed transcript, with a
decrease in mRNA half-life (Chapter 4). My work pinpoints CNSs that might be
deciphered on a phenotypic level in future experiments, perhaps using the generation of
Arabidopsis lines that disrupt or remove known CNS elements.
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The breadth, quantity, and quality of gene expression snapshots in public data
repositories are constantly increasing. I began my studies with 5,009 microarray RNA
expression datasets (Affymetrix ATH1 platform; Chapter 2), and concluded my analyses
with 7,158 microarray RNA expression datasets (Chapter 4). The original dataset
represents one of the largest collections of publicly available microarrays analyzed and
was also manually sorted into tissue-enriched datasets based on available annotation and
suggested the possibility of tissue-specific function for CNSs (Chapters 2 and 3). The
precision and depth of this manual curation could be further expanded with the growing
quantity of microarray expression datasets. As of this writing, 9,246 microarray
expression datasets are available through NCBI’s Gene Expression Omnibus (GEO;
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GPL198). While increasing the size
of the overall dataset may increase the capacity for detecting minor variations in
expression patterns, the ability to appropriately separate expression datasets into
condition-enriched subsets depends on the level of annotation detail provided by
contributors. Other work within the Feltus lab has suggested that clustering microarray
datasets by similar expression profiles may provide a more complete representation of
varying transcriptional states and thus may be more useful in identifying condition
specific regulatory behavior.
Future studies on CNS control of gene expression could be improved through the
mining of next-generation sequencing (NGS) RNAseq experiments (Ozsolak, Platt et al.
2009), the large scale sequencing of RNA molecules. This methodology allows for the
potential capture of the entire transcriptome and the ability to detect splice variants,
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unlike standard microarrays (Ozsolak and Milos 2011). Microarray-based RNA
expression profiling often has high background noise due to cross-hybridization
(Okoniewski and Miller 2006; Royce, Rozowsky et al. 2007), which is also significantly
reduced using NGS. Much like microarray-based measurements, the amount of NGS data
is increasingly dramatically and there are currently 921 A. thaliana NGS datasets
(Illumina HiSeq 2000) publicly available through NCBI Sequence Read Archive (SRA;
https://www.ncbi.nlm.nih.gov/Traces/sra). Finally, NGS would likely increase transcript
representation across the genome as it does not have the same physical limitations as the
Affymetrix ATH1 microarray platform, which only reliably captures ~60% of the total
TAIR10 gene models within A. thaliana.
Whole genome duplicates tend to have higher levels of gene expression than
singletons or genes duplicated by other mechanisms (Wang, Wang et al. 2011; Yang and
Gaut 2011). Interestingly, the presence of CNSs does not appear to influence expression
intensity (Chapter 2) but does correspond to changes in mRNA stability (Chapter 4). The
ability to regulate mRNA stability may allow for faster and more precise alterations in
gene dosage than regulation of transcriptional rates (Elkon, Zlotorynski et al. 2010).
Under the gene dosage hypothesis, the ability to tightly regulate gene dosage may be a
selective advantage. In fact, duplicated genes with CNSs have been found to be more
likely to be maintained across whole genome duplications in Arabidopsis and within the
grasses (Schnable, Pedersen et al. 2011). However, it is unclear how well changes in gene
dosage (mRNA steady-state levels) are correlated with changes in protein concentration
(gene product). In many cases mRNA concentration can only explain 40% or less of the
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variation in protein levels (Vogel and Marcotte 2012). Ultimately, while CNSs have clear
regulatory effects on mRNA steady-state levels, further studies using large scale
proteomics will be required to determine how this regulation on mRNA concentration
ultimately affects protein concentration.
As my work has shown, the ability of CNSs to regulate steady-state RNA levels
necessitates their inclusion to the collection of bone fide cis-regulatory elements. While
some of the original CNSs in identified in maize and rice have been assigned functions
(Inada, Bashir et al. 2003), this work in Arabidopsis is the first to examine CNS function
at a genomic scale. My work suggests that a majority of the CNSs in Arabidopsis are
functional and that using similar methodology to this study, the function of CNSs can be
further explored in other plants, such as the grasses (e.g., maize, rice, Sorghum). The
amount of large scale expression data across maize, rice and Sorghum is continuing to
grow in a similar manner to Arabidopsis, making these future experiments very feasible.
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Appendix A
Distribution of the Density of Expression Intensities for the Complete Microarray Dataset
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Distribution of the density of expression intensities for the complete microarray dataset (A) and after removal of datasets
flagged as outliers (B).

Appendix B
Heat-map of 5,009 Microarray Expression Profiles
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Heat-map of 5,009 microarray expression profiles. Average-linked hierarchal clustering dendrogram of all RMA normalized
ATH1 arrays clustered by microarray experiments in columns and probe sets in rows.

Appendix C
A Heat-map Representing the Breadth of Expression of α-Duplicate Pairs in the Nine Core Tissues
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A heat map representing the breadth of expression of α duplicate pairs in the nine core tissues. Each line represents an α
duplicate pair in which genes are both present (black), one present (grey) or both absent (white) within each tissue. Tissues
have been clustered based on the similarity of patterns within the α duplicate pairs.
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